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B A T T E L L E  M E M O R I A L  I N S T I T U T E  
A STUDY TO DEVELOP A MECHANIZED WELDING PROCEDURE 
TO JOIN THICK-GAGE ALUMINUM ALLOY PLATE 
USING NARROW-GAP TECHNIQUES 
D. E. Conklin, R. P. Meister ,  R. E. Monroe, 
and D. C, Mart in  
IN  TRODU C TION 
This  repor t  descr ibes  r e s e a r c h  done under Contract NAS8-11102 to  evaluate the 
use  of the Narrow-Gap welding p rocess  for  joining aluminum. 
p r o g r a m  was to  develop procedures  for  Narrow-Gap welding thick-gage 221 9 aluminum 
plate  in the f la t ,  ver t ica l ,  and horizontal  welding positions. 
The objective of this  
The Narrow-Gap welding p rocess  was conceived and developed at  Bat te l le  under  
Bureau of Ships Contract NObs-86424 f o r  welding thick s tee l  plate i n  all positions. 
Equipment is now being developed to  apply this p rocess  to  automatic welding of sub- 
m a r i n e  hulls. 
welding thick aluminum plates .  
The many advantages of the Narrow-Gap p rocess  make  i t  a t t rac t ive  fo r  
The mos t  distinguishing fea ture  of the Narrow-Gap p rocess ,  a s  implied by its 
name,  i s  the use  of a nar row square-groove butt joint r a the r  than a conventional vee o r  
U-groove joint  normally used fo r  welding thick plate.  
Narrow-Gap welding i s  about 1 / 4  t o  3 / 8  inch, 
shielded consumable electrode process .  
t o  conduct welding cu r ren t  and guide the small-diameter  f i l l e r  wi re  into the bottom of 
the na r row weld joint. 
l aye r .  The ,nar row joint and small weld pool allow the  p r o c e s s  to  b e  used  f o r  out-of- 
posit ion welding. 
The normal  joint width used  f o r  
The weld i s  deposited using the ine r t  gas -  
Special smal l -d iameter  contact tubes a r e  used 
Ei ther  a single bead o r  a double bead is deposited in  each weld 
Some of the advantages of Narrow-Gap welding a r e  descr ibed  below: 
Narrow-Gap welds can  be made  out of position s ince  the weld pool i s  
sma l l  and i s  m o r e  easi ly  controlled. 
l a r g e  s t ruc tu res  which could mean l a r g e  savings in tooling cos ts .  
The re  i s  no need t o  posit ion 
The Narrow-Gap p rocess  i s  adaptable to  completely automated ope ra -  
tion. The p rocess  i s  inherently a machine operation, so  it can  be 
readi ly  s e t  up  to  gain the  speed and prec is ion  of automation. 
The re  is a substant ia l  saving i n  fi l ler  w i re  cos t  when the Narrow-Gap 
p rocess  i s  used. F igu re  1 shows a t rac ing  of the c r o s s  section of an  
actual  twin-wire Narrow-Gap weld in  5-inch aluminum superimposed 
on a drawing of a typical joint  design used by an aerospace  manufac- 
t u r e r  for  gas -me ta l - a rc  welding of aluminum. 
weld me ta l  is required to  f i l l  the  s tandard double vee joint than is r e -  
qu i red  for  the Narrow-Gap joint. 
Over  3-1 /2  t imes  m o r e  
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FIGURE 1. COMPARISON OF TRANSVERSE SECTION IN NARROW-GAP 
AND TYPICAL STANDARD JOINT FOR GAS-METAL-ARC 
WELDS IN 5-INCH-THICK ALUMINUM 
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The weld-finishing 
Gap welds than for  
The specified wi re  
r a t e  i n  thick plate is substantially higher  for  Narrow-  
gas -me ta l - a rc  welds made  using conventional joints.  
input fo r  welding the s tandard  joint shown i n  F igu re  1 
i s  0. 090-inch-diameter w i r e  at a wire-feed speed of 163 ipm. 
responds to  a deposit ion r a t e  of 6 .52  pounds p e r  hour ,  based  on 
1500 inches of w i re  p e r  pound and 100 percent  a r c  t r ans fe r .  
Narrow-Gap welds in  5 - inch-thick plate w e r e  deposited using a 3/64-inch-  
d iameter  wi re  with a total  wi re  feed r a t e  of 645 ipm on the two welding 
heads.  
p e r  hour  based  on 5880 inches of wire p e r  pound. Since the  deposit ion 
r a t e  is about the s a m e  fo r  the  two p rocesses ,  the finishing r a t e  of the 
Narrow-Gap weld is about 3 -1 /2  t imes f a s t e r  than that of the conventional 
weld because  of the s m a l l e r  volume of m e t a l  requi red  to  f i l l  the Narrow-  
Gap joint. 
This c o r -  
Twin-wire 
The deposit ion r a t e  i n  this  Narrow-Gap weld is then 6 . 6  pounds 
T h e r e  is l e s s  shr inkage and distortion with the Narrow-Gap p rocess  be -  
cause  of the reduced volume of weld m e t a l  and the  balanced weld shape. 
Narrow-Gap welds have a m o r e  favorable welding r e s idua l - s t r e s s  d i s t r i -  
bution as a r e su l t  of the v e r y  narrow welds.  
The  machining and joint fit-up tolerances f o r  Narrow-Gap joints is l e s s  
c r i t i ca l  than those for  e lec t ron  beam EB welding. 
using a square-but t  joint preparat ion with no gap. 
the joint, in the o r d e r  of 0. 005 inches (depending on thickness  being 
welded) can  cause  poor welds.  
th icker  plates  than a r e  present ly  weldable using E B  welding.(l)* 
EB welds a r e  made  
Very  slight gaps in  
Also, the Narrow-Gap p rocess  can  weld 
The r e s e a r c h  has  shown that the Narrow-Gap p rocess  can  be used to  join 2219-T31 
Narrow-Gap Welds 
Weld tens i le  s t rengths  of 40-42 k s i  w e r e  
aluminum alloy plates  i n  the flat ,  ver t ica l ,  and horizontal  posit ions.  
w e r e  made  on plate th icknesses  up  to 5 inches. 
obtained. 
may  b e  possible  to  weld plates th icker  than 5 inches by the Narrow-Gap process .  
The r e s e a r c h  has  indicated that,  with fu r the r  development of equipment,  i t  
The g rea t e s t  economy of the Narrow-Gap p r o c e s s  is rea l ized  when welding heavy 
th icknesses  such  as the Y-r ings i n  the Saturn boos te r .  
p r o c e s s  can  be  automated, and can  be used fo r  out-of-position welding, it may  be ad-  
vantageous f o r  welding thinner  plate used in  the var ious  tankage components. 
However, s ince  the Narrow-Gap 
SUMMARY 
A study was conducted to  develop Narrow-Gap welding procedures  for  joining 
thick-gage 2219 aluminum alloy plate.  
The  p la te  m a t e r i a l  used  in  this  study w a s  1 - ,  2-,  3 - ,  4- ,  and 5-inch-thick 
2219-T31 aluminum alloy plate furnished by the George C. Marsha l l  Space Flight Center .  
The welding wi re  used was 3 /64-  and 1/16-inch-diameter  2319 aluminum alloy w i r e  ob- 
ta ined f r o m  c o m m e r c i a l  sou rces .  
shielding. 
*See Bibliography. 
Welding grade hel ium and argon were  used for  
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The  basic welding equipment setups used in this  p rogram were  made  up of com-  
m e r c i a l  gas  -shielded me ta l - a rc  welding components.  
made  t o  the commercial-welding equipment as requi red  to produce sa t i s fac tory  Narrow-  
Gap welds.  
provement  of the wire-guide sys t em t o  support  the wire  and to  provide controlled w i r e  
c a s t  and modification of the gas-shielding sys t em t o  obtain good shielding at  the bottom 
of the n a r r o w  groove. 
A number  of modifications w e r e  
These modifications included changes in  contact tube configuration, im- 
A number of different joint designs w e r e  used during this  program.  F o r  welds 
made  f r o m  one s ide of the plate,  the joint design consis ted of e i ther  a square-but t  joint 
with a backing s t r i p  o r  a nar row U-joint with pa ra l l e l  sidewalls.  
on plates  welded f r o m  2 s ides  w e r e  double-U joints with 0 to  6-degree  included angles .  
The joint designs used  
T h r e e  different Narrow-Gap techniques - the s ingle-wire-centered,  the s ingle-  
w i re  offset, and the twin-wire  technique - w e r e  used for  depositing welds.  
s ingle-wire-centered technique, the f i l l e r  w i re  i s  cen tered  in  the joint. Each  weld l a y e r  
cons is t s  of a single weld bead which completely br idges  the na r row groove joint. 
s ingle-wire  offset technique, a bead is deposited al ternately to  one side of the joint, then 
the other .  
weld. In the  twin-wire technique, two a r c s  opera te  in tandem in  the joint with each  
offset f r o m  the joint cen te r  l ine toward opposite s idewalls .  
up  of two weld beads which a r e  deposited in  a single weld pass .  
In the 
In the 
Two weld beads a r e  deposited in two p a s s e s  t o  complete  each l a y e r  of the 
Each weld l aye r  is made  
The welding conditions were  s e t  by varying the welding p a r a m e t e r s  over  a wide 
In general ,  the  welding conditions for  the thinner  plates  were  developed f i r s t :  range.  
then s tudies  were s t a r t ed  on welding the thicker  plates .  
s tudies  generally preceded the horizontal  and ve r t i ca l  posit ion s tudies .  
Also ,  the flat  posit ion welding 
Good welds w e r e  made  in 1-inch-thick plate while shielding with s tandard  com-  
Shielding efficiency s tudies  w e r e  conducted on mock-ups of p ro -  
Shielding nozzles developed b y  this  method w e r e  then 
m e r c i a l  nozzles,  but it was necessa ry  t o  develop improved shielding for  welding plates  
th icker  than 1 inch. 
posed nozzle designs. 
t r anspa ren t  Narrow-Gap joint. 
evaluated by using them while welding, 
A visible  vapor  was used to  indicate gas  flow pa t te rns  i n  a 
Test ing during this  p r o g r a m  consis ted of v i sua l  observat ions,  radiographic  exami-  
nation, metallographic examination, hardness  t e s t s ,  t ens i le  t e s t s ,  and bend t e s t s .  
The important findings made  in  this  p r o g r a m  w e r e  as follows: 
(1 )  Aluminum plate  between 1 and 5 inches thick can  be  welded sa t i s fac tor i ly  
by the Narrow-Gap p rocess .  
( 2 )  Recommended Narrow-Gap procedures  w e r e  developed fo r  (a)  welding 
1 t o  3-inch-thick 2219 aluminum plate in the f la t  posit ion by the s ingle-  
wi re-centered  technique: (b )  welding 1 t o  5-inch plate i n  the f la t  posit ion 
by the twin-wire technique; ( c )  welding 1 to  2-inch-thick plate  in  the 
horizontal posit ion by the s ing le-wire-centered  technique; and ( d )  welding 
1 t o  5-inch-thick plate in  the v e r t i c a l  posi t ion by the  twin-wire  technique. 
( 3 )  The effects  of var ious welding p a r a m t e r s  on the  quali ty of Narrow-Gap 
welds were  determined.  
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Transve r se  weld-tensile s t rengths  in Narrow-Gap welded 2219-T31 
aluminum alloy compare  favorably with tensi le  proper t ies  obtained 
in joints welded by other processes .  
as 76 percent  were  obtained i n  t e s t s  using small spec imens  in the as- 
welded condition. Higher joint efficiencies would be  expected in full-  
sect ion t e s t s  of ma te r i a l  aged to  the T-81 condition. 
Tensi le  joint eff ic iencies  as high 
Welds meeting o r  exceeding the Class 2 radiographic requi rements  of 
MSFC-SPEC-259 were  obtained with the Narrow-Gap welding p ro -  
cedures .  As expected, the efficiency of the gas-shielding nozzles  was 
found to  have a significant effect on weld quality (notably porosi ty) .  
Improved special  shielding nozzles for u s e  with the Narrow-Gap 
p rocess  were  developed. 
Very nar row heat-affected zones were m e a s u r e d  in  Narrow-Gap welds 
deposited with the recommended procedures.  
width in Narrow-Gap welds is probably na r rower  than in  e lectron-beam 
welds.  
The heat-affected zone 
Unfused a r e a s  in  s o m e  welds were  related to  low-joint s t rengths .  
defects were  essent ia l ly  eliminated in the final recommended welding 
procedures .  
Such 
A marked  s imi la r i ty  in the propert ies  and cha rac t e r i s t i c s  of Narrow-  
Gap and e lec t ron-beam welds( l1  in comparable  thicknesses  was observed. 
This  s imi la r i ty  i s  not unexpected considering the similar weld profile,  
but i s  totally unexpected considering the very  different welding procedures .  
E i ther  process  appears  t o  offer improvement over  conventional gas -  
shielded methods in welding heat- t reated aluminum alloys. An obvious 
advantage of Narrow-Gap welding i s  the freedom f r o m  res t r i c t ions  im- 
posed by the vacuum chambers  needed in  e lec t ron-beam welding, 
The following sect ions of this  repor t  descr ibe ma te r i a l s ,  equipment, p rocedures ,  
Welding experiment data a r e  given in tabular  f o r m  in 
spec ia l  components,  recommended procedures ,  a detailed discussion of resu l t s ,  con- 
c lusions,  and recommendat ions.  
Appendix A. 
MATERIALS 
Plate 
The plate ma te r i a l  welded during this  program was 2219 aluminum alloy furnished 
by the  George C. Marsha l l  Space Flight Center.  
4-, and 5-inch thicknesses  in  the -T31 condition (now cal led the -T351 condition in  thick-  
n e s s e s  g r e a t e r  than 2 inches) .  
The plate was supplied in  1- ,  2- ,  3-, 
The aluminum alloy 221 9 i s  a relatively new high-strength,  heat- t reatable  com-  
It is m e r c i a l  alloy intended fo r  u s e  where elevated-temperature  s t rength  i s  required.  
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noted for  i t s  good weldability and s t r e s s  -cor ros ion  r e s i s t ance .  
t ion,  t emper ,  and mechanical  proper t ies  f o r  221 9 plate  a r e  specified by MIL-A-8920- 
A(ASG), 20 May 1963. The specified chemical  composition of 2219 aluminum alloy is 
given below: 
The chemical  composi-  
(Percent Maximum Except Where Indicated as a Range) 
Others 
Each Total Aluminum 
0.20 0.30 5 .8 -6 .8  0.20-0.40 0.02 0.10 0.02-0.10 0.05-0.15 0.10-0.25 0.05 0.15 Remainder 
= r  - -Si Fe cu Mn M R Z n  Ti  V - - -  
The temper  designation -T31 is specified f o r  2219 alloy that has  been solution 
The t emper  heat t r ea t ed  and cold worked by flattening o r  straightening operat ions.  
designation -T351 present ly  used  for  plate over 2 inches thick is specified f o r  2219 alloy 
that  was solution heat t r ea t ed ,  s t r e s s  re l ieved by  s t re tching to  produce a set of 1-1 / 2  t o  
3 percent ,  with the plates  receiving no straightening af te r  s t re tching.  (The  typical  solu-  
t ion heat t rea tment  used  by Alcoa is heat t rea t ing  t o  1000*10 F and quenching in  cold 
water .  ) The required tens i le  proper t ies  of 2219-T31 aluminum alloy i n  the "long t r a n s -  
ve r se"  direction (para l le l  to  the plate  sur face ,  perpendicular  to  the d i rec t ion  of roll ing) 
a r e  shown below: 
Tensile Strength Yield Strength, Elongation, 2 inches 
Thickness, Minimum, Minimum. psi, or 40 percent 
Temper and Form inch psi 2.0 Percent Offset (minimum) 
-T31 (flat sheet) 0.040 -0.249 46,000 28,000 10  
-T351 plate 0.250-2.000 46,000 28,000 
(formerly -T31 plate) 2.001-3.000 44,000 28,000 
3.001 -4.000 42,000 27,000 
4.001-5.000 40.000 26.000 
5.001 -6.000 39,000 25,000 
10 
10 
9 
9 
8 
Standard 0. 505 round tens i le  spec imens  w e r e  p repa red  and tes ted  f r o m  2 and 
5-inch-thick 2219-T31 aluminum alloy plate that  was received for  this  p r o g r a m .  
spec imens  were taken para l le l  t o  the plate  sur face .  
below: 
All 
The r e su l t s  of t hese  t e s t s  are  shown 
Plate 
Thickness, 
inches Direction of Test 
Elongation, 
percent in 
2 inches 
Perpendicular to 
rolling direction 
Avg . 
Parallel to 
rolling direction 
Avg . 
Pcrpenclicular to 
rolliris direction 
Avg . 
20.0 
20.8 
20.4 
26.0 
24.5 
25.2 
20.0 
20.0 
20.0 
- 
-
- 
Per cent 
Reduction 
Area 
35.8 
32.6 
34.2 
-
38.3 
42.8 
40.6 
-
36.4 
32.4 
34.4 
-
Yield Strength, 
0 . 2  Percent Offset, 
psi 
33, IS0 
28 940 
31,345 
L
39.500 
39,390 
39.445 
33,760 
33,830 
33,790 
Tensile 
Strength, 
psi 
55,900 
54,320 
54,110 
57,810 
57,560 
57,680 
57.250 
57.410 
57,330 
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These  data  indicate that the tens i le  propert ies  of the 2 and 5-inch plates  s u r p a s s  
the requi rements  of the mi l i t a ry  specification. 
Other ma te r i a l  t empers  of 2219 aluminum originally planned for  inclusion in  this  
p r o g r a m  were  not available. 
Welding Wire 
All t e s t  welds were  made  using 2319 aluminum alloy wire .  This wi re  was devel-  
The 2319 
This f i l l e r  
oped for  u s e  in  gas-meta l -a rc  welding 2219 aluminum alloy sheet  and plate.  
welding wi re  for  this  p r o g r a m  was purchased f r o m  a commerc ia l  suppl ier .  
w i re  was received level  wound on plast ic  spools with about 15 pounds of wi re  on a spool. 
The spool was packaged along with a dessicant in  a hermet ica l ly  sealed container.  
The chemical  composition of 2319 alloy specified by the suppl ier  is: 
(Percent Maximum Except Where Indicated as a Range) 
Others 
Si  Fe C U  Mn Ti Be V Zr Each Total Aluminum 
0.20 0.30 5.8-6.8 0.20-0.40 0.02 0.10 0.10-0.20 0.0008 0.05-0.15 0.10-0.25 0.05 0.15 Remainder 
---
The specified chemical  compositions of the wire  and plate differ only in the higher  
t i tanium content in  the 2319 wire .  
Shielding Gas 
Mixtures  of hel ium and argon were  used f o r  shielding. These gases  were  of c o m -  
They were  purchased separa te ly  in  s t ee l  cyl inders ,  then mixed m e r c i a l  welding grade.  
in  a manifold before  being del ivered t o  the welding torch.  
EQUIPMENT 
Equipment used during this  study included bas i c  welding setups,  special  equipment 
components,  and instrumentation. 
Basic  Weldine Se tum 
T h r e e  different basic  welding setups were used f o r  welding during the per formance  
of this  p rogram.  Each of these  setups consisted of the following: 
A gas -me ta l - a rc  welding head (wire-dr ive moto r )  and controls  (1) 
( 2 )  Welding b a r r e l  ( to rch)  
(3 )  A t r ave r s ing  mechan i sm 
(4 )  A power supply to  provide welding cur ren t .  
Each  of the t h r e e  bas ic  equipment setups i s  descr ibed below. 
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Setup A - Single Welding Head on Fixed-Posit ion 
Sidebeam Car r i age  
Standard commerc ia l  equipment a r r anged  in  a conventional se tup  was used  to  make  
m o s t  of the single-wire nar row-gap  welds.  This setup consis ted of: 
(1 )  
(2)  
( 3 )  
( 4 )  
A Hobart Model 16DA-2044B welding head with Hobart  controls  
A i r  Reduction-Aircomatic Model 60-A Welding B a r r e l  Assembly 
A Linde OM-48 s idebeam c a r r i a g e  mounted on a fixed beam 
A Hobart 500-ampere  constant-potential  mo to r  genera tor .  
The welding head and c a r r i a g e  a r e  shown in  F igu re  2. 
The Hobart wire-feed s y s t e m  has  no feedback control .  The wire- feed  speed of 
th i s  sys t em,  therefore ,  may va ry  with varying load o r  l ine voltage.  
h a s  a f ea tu re ,  however, that  i s  valuable in  welding aluminum. 
ro l l s  (four driven r o l l e r s )  instead of the single s e t  of ro l l s  used  on m o s t  sys t ems .  
dual s e t  of rol ls  applies a g r e a t e r  feeding fo rce  without deforming the sof t  a luminum 
wire .  
The Hobart  s y s t e m  
It has  two p a i r s  of d r ive  
The 
The Linde OM-48 s idebeam c a r r i a g e  used  in  this  se tup  was  equipped with a Type 0 
e lec t ronic  governor to  maintain t r ave l  speed within f l  percent .  
Setup B - Single Welding Head on All-Posi t ion 
Sidebeam Car r i age  
Ver t ica l  welding was s t a r t ed  with a se tup  consisting of: 
(1) 
(2)  
( 3 )  
(4 )  A constant-potential power supply. 
An Aircomatic  Model AMH-B welding head with a n  AMC-C control  
Aircomatic  Model 60A Welding B a r r e l  Assembly  
An all-position s idebeam c a r r i a g e  built  a t  Bat te l le  
The wire-dr ive  sys t em used  in  this  se tup  had an e lec t ronic  speed regulat ion s o  
that the speed could be  maintained within a few percent .  This  wi re-dr ive  s y s t e m  had 
only one se t  of dr ive ro l l s  instead of dual s e t s  of ro l l s  as on the Hobart  d r ive  unit. 
Ai rcomat ic  wire-dr ive sys t em did have the fea ture ,  however ,  of rubber  mounting be-  
tween the hub and the rim of the d r ive  rol ls .  
i n  firm contact with the wire ;  yet the squeeze fo rce  of the ro l l s  was not enough t o  d e f o r m  
the soft aluminum. 
The  
This  e las t ic  mounting of the ro l l s  kept t hem 
An all-posit ion s idebeam-car r iage  s y s t e m  was built  a t  Bat te l le  t o  provide p rec i -  
s ion control led t rave l  for machine welding."' 
r igid.  
a 1 /2-horsepower Servo-Tek moto r  with dynamic braking and tachometer  feedback con-  
t ro l .  The tachometer-feedback-control  s y s t e m  keeps the p r e s e t  t r ave l  speed subs tan-  
t ia l ly  constant  (within *5 percent )  even though t h e r e  a r e  changes in l ine voltage,  mo to r  
to rque ,  and motor tempera ture .  
The f r amework  of this  machine  is ex t remely  
A 1.arge lead s c r e w  t r ansmi t s  power t o  d r ive  the c a r r i a g e .  Power  is provided by 
The sidebeam c a r r i a g e  can  be changed f r o m  the f la t  posit ion t o  the ve r t i ca l  o r  
overhead position. 
locked a t  any angle f rom horizontal  t o  ver t ical .  
*This carriage was not bu i l t  as a charge to the NASA coiltract. 
The s idebeam swivels on a ba l l -bear ing  mounted shaf t  and can  be 
B A T T E L L E  M E M O R I A L  ~ N s T ~ T U T E  
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FIGURE 2. BASIC WELDING SETUP FOR NARROW-GAP WELDING B Y  THE 
SINGLE-WIRE TECHNIQUE IN THE FLAT POSITION 
(SETUP A) 
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F o r  equipment Setup B, two different  constant-potential  power suppl ies  w e r e  used.  
A Hobart  500-ampere motor  genera tor  and a Vickers  400-ampere  r ec t i f i e r  unit w e r e  
used  interchangeably with no significant difference in  welding r e su l t s .  
Setup C - Dual Welding Heads on All-Posi t ion 
Sidebeam Car r i age  
All  twin-wire welding was done on a se tup  consisting of: 
(1)  
( 2 )  
( 3 )  
(4 )  
Two Aircomatic  AMH-B welding heads with modified AMC-C cont ro ls  
Two Aircomatic  Model 60A welding b a r r e l  a s sembl i e s  
The Battelle-built a l l -posi t ion s idebeam c a r r i a g e  sys t em 
Two Vickers  400-ampere  constant-potential  rec t i f ie r  power suppl ies .  
F i g u r e  3 shows this  twin-wire welding se tup  in  the ve r t i ca l  welding position. The 
welding b a r r e l s  were  mounted in  tandem s o  that they w e r e  spaced  about 1 - 1  /4  inches 
apa r t  along the direct ion of t rave l .  
adjusted t o  es tabl ish contact-tube-to-work dis tance and l ineup in  the joint. 
power sou rce  provided cu r ren t  for  each  wire .  
They w e r e  a r r anged  so  that they could b e  individually 
A sepa ra t e  
The electronic controls  were  modified t o  provide the n e c e s s a r y  in te r re la t ionship  of 
the two welding-control sys t ems  and the t rave l -cont ro l  sys tem.  The two wire-dr ive  
sys t ems  w e r e  electronically sequenced so  that the w i r e  dr ive ,  and hence a r c  initiation, 
on each  wire  could be s t a r t ed  at  the s a m e  place i n  the joint, The  leading wi re  dr ive  
s t a r t ed  when the welding head t r ave l  s t a r t ed ;  a n  adjustable t ime-delay s y s t e m  then 
caused  the training wire  dr ive  to s t a r t  a f te r  a p r e s e t  t ime.  The wi re -d r ive  sys t ems  
could a l so  be sequenced t o  s top at the s a m e  place in the joint. 
The change f r o m  the s ingle-wire  Setup B t o  the twin-wire  Setup C requ i r ed  l i t t le  
vis ible  change in the weld head equipment, other  than the addition of a second welding 
head. 
Special  Equipment 
Considerable effort in this  p r o g r a m  was spent  in  modifying some  of the components 
of the bas ic  equipment setups descr ibed  above. 
effectively control the electrode position and t o  obtain adequate gas  shielding in  the 
n a r r o w  groove. 
These  modifications w e r e  n e c e s s a r y  to  
A number  of contact t ip  and shielding nozzle  designs w e r e  evaluated during this  
p rogram.  
adequate wi re  support and to  improve wi re  positioning by controll ing the wi re  cas t .  
In addition, modifications were  made  t o  the wi re -d r ive  sys t em to provide 
These  special  equipment modifications a r e  d i scussed  l a t e r  in  th i s  r epor t .  
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FIGURE 3. BASIC WELDING SETUP FOR TWIN-WIRE WELDING 
IN THE VERTICAL POSITION 
Special equipment modifications were l a t e r  added to this equipment. 
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Ins t rument  at  i on 
Esterline-Angus recording m e t e r s  were  used t o  r eco rd  welding voltage and 
c u r  rent .  
Wire-feed-speed controls  were  init ially cal ibrated by making actual  w i r e  feed 
Wire-feed speed was se t  using the ca l ibra ted  control  set t ings p r i o r  t o  
Per iodic  checks w e r e  made  of the wi re  feed control  cal ibrat ion.  
measu remen t s .  
making e a c h  weld. 
The  control  settings were  found t o  be  accu ra t e  within *5 percent .  Since welding c u r r e n t  
is  dependent on wi re  -feed speed,  other  p a r a m e t e r s  being constant,  final adjustments  in  
w i r e  feed w e r e  made  according to  cu r ren t  requi rements .  
Weld in te rpass  t empera tu re  and prehea t ,  when used ,  was m e a s u r e d  using a 
P y r  oc on contact pyr  omet  e r. 
EXPERIMENTAL PROCEDURES 
The experimental  p rocedures  used during this  p r o g r a m  a r e  d iscussed  in  the fol-  
lowing sect ions of this  report .  
P repa ra t ion  for  Welding 
The aluminum plates  w e r e  cut to  s i ze  using a band saw with no lubricant .  Joint  
p repara t ions  were machined e i ther  by shaping o r  mil l ing,  a l so  without lubricant .  
joint  fitup, the  joint su r f aces  and the adjacent plate sur face ,  within 1 / 2  inch f r o m  the 
edge of the joint, w e r e  wiped with acetone and d raw filed o r  sc raped .  
Before  
Sketches of the two joint designs used fo r  welding 1- ,  2- ,  and 3-inch plate  thick-  
When Joint  Design A, with the  backing s t r ip ,  was used ,  n e s s e s  a r e  shown in  F igu re  4. 
the edges of the two plates  w e r e  spaced  to  obtain the p rope r  joint  gap and the  backing 
s t r i p  was tack  welded to  the plates .  
The plates  were  s imply clamped in  place.  
Joints  without a backing s t r i p  w e r e  not tack  welded. 
All  welds in 1 t o  3-inch plate th icknesses  w e r e  deposited f r o m  one s ide.  P l a t e s  
w e r e  s e t  up  fo r  welding by clamping them t o  a table  top made  up of 1- inch-thick s t ee l  
plate  o r  s t e e l  channels. 
angle in the joint t o  allow for  joint pull-up. 
plate setup fo r  welding using Joint  Design B. 
The plates  w e r e  preposi t ioned to  obtain a 2 to  4-degree  included 
F i g u r e  5 shows a 3- inch 2219 aluminum 
Welds in  5-inch-thick plate w e r e  made  using a double U joint  design. T h r e e  v a r i a -  
No preposit ioning was r e -  t ions of the double U joint p repara t ion  a r e  shown i n  F i g u r e  6. 
qui red  on 5-inch plate welds s ince the joint pull-up was  balanced b y  welding al ternately 
on opposite sides of the plate. The t e s t  plate  was clamped t o  a table  top which could be  
rotated around a horizontal  axis.  Both s ides  of the joint w e r e  access ib l e  f o r  welding S O  
that the table top could be turned  over  and the plate  welded f r o m  e i the r  s ide .  
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J O I N T  D E S I G N  A - BACKING STRIP J O I N T  
J O I N T  D E S I G N  B - U-GROOVE J O I N T  
FIGURE 4. JOINT DESIGNS USED FOR NARROW-GAP WELDING 1-, 2-, 
AND 3-INCH-THICK 2219-T3 1 ALUMINUM ALLOY TEST 
PLATES 
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Jo in t  Design C Jo in t  Design D 
Jo in t  Design E 
FIGURE 6 .  JOINT DESIGNS USED FOR NARROW-GAP WELDING 
5-INCH-THICK 2219-T31 ALUMINUM ALLOY TEST 
PLATES 
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I 
A number of r e s t r a in t  t es t  welds w e r e  made  in  5-inch-thick plate  t o  evaluate the 
c r a c k  susceptibil i ty of welds. 
deep x 5 /16  to  3/8-inch-wide grooves mil led into the 5-inch-thick plates .  
These r e s t r a in t  t e s t  welds w e r e  deposited in 2-1 /4- inch-  
Welding Techniques 
T h r e e  different techniques were  used for  depositing Narrow-Gap welds.  AS shown 
The three  techniques a r e  cal led the s ing le-wire-centered ,  the s ingle-wire-offset ,  
in  F i g u r e  7,  these th ree  techniques differ i n  the weld bead sequence used t o  deposit  the 
weld. 
and the twin-wire technique. 
In the s ingle-wire-centered technique, the  f i l l e r  w i re  e lectrode is centered  in  the 
Each joint to  deposit  a weld bead which fuses  to  both s ides  of the joint ( s e e  F igu re  7a) .  
weld layer  consis ts  of a single weld bead. 
In the single-wire-offset  technique, the e lec t rode  is offset t o  one s ide of the joint. 
A fi l let-type bead is deposited al ternately t o  one s ide of the joint and then the o ther .  
weld beads a r e  deposited in  two passes  t o  complete  each  l aye r  of weld as shown i n  F ig -  
u r e  7b. 
TWO 
In the twin-wire welding technique, two a r c s  opera te  in  tandem in  the joint. The  
Each weld l aye r  is made  up  of two weld beads  deposited 
lead  and trail  wires ,  spaced approximately 1-1 /4  inches apa r t ,  deposit  a fi l let-type bead 
on opposite sides of the  joint. 
i n  a single pas s  (F igu re  7c).  
Shielding Studies 
It was established that poor weld shielding was  one of the m a j o r  problems in  
Narrow-Gap welding of aluminum alloy plates  i n  th icknesses  of 2 inches and over ,  Con- 
s iderable  work  w a s  done during this  p r o g r a m  t o  develop be t t e r  shielding nozzles .  
development was done by building mock-ups of proposed nozzle configurations and p a s s -  
ing a vis ible  vapor through them to study the gas  -flow pat tern.  
nozzles  w e r e  then built  and tes ted  by the vis ible-vapor  method and by actual  u s e  during 
welding. The nozzle mock-ups w e r e  made  of thin aluminum shee t  fas tened together  by 
tape.  
This  
Actual gas  -shielding 
Experimental  nozzles  were  made  of welded copper  sheet .  
The visible vapor  for  f low-pat tern s tudies  was provided by bubbling mix tu res  of 
shielding gas  through water ,  then passing this  mois ture- laden  gas  over  liquid t i tanium 
te t rachlor ide .  '' The t i tanium te t rachlor ide  r e a c t s  i n  the p re sence  of the water  vapor  t o  
f o r m  a dense,  white vapor.  This vapor  w a s  pas sed  through the shielding nozzles.  
The flow patterns of the nozzles and mock-ups  w e r e  observed  in a s imulated 
Narrow-Gap joint made  of Plexiglas .  
the joint and the  plate sur face  were  s imulated by Plexiglas  shee t  as shown in  the ske tches  
at  the bottom of Figure 8. The depth ofethe joint  could be  adjusted by inser t ing  a s t r i p  of 
Plexiglas  a t  the desired height in the joint. The joint gap was  de te rmined  by the width of 
th i s  s t r ip .  
s e r v e d  through the t r anspa ren t  sidewalls of the s imula ted  joint. 
*Care should be  exercised in using this technique to safeguard persome1 and equipment against the  HC1 vapors produced. 
This  joint is shown i n  F igu re  8. The s idewalls  of 
The flow pa t te rn  of the shielding-gas vis ible-vapor  mix tu re  could be ob- 
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a .  Single-Wire- 
Centered 
Technique 
b.  Single-Wire- 
Of f se t  
Technique 
c. Twin-Wire 
Technique 
L 1 
F I G U R E  7. C O N T A C T  T U B E  A N D  W I R E  LOCATION FOR N A R R O W - G A P  W E L D I N G  
B Y  THE SINGLE-  W I R E - C E N T E R E D ,  S I N G L E - W I R E - O F F S E T ,  A N D  
, TWIN-WIRE TECHNIQUES 
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a. Visible-Vapor Shielding-Gas Study Being Conducted on 
Twin-Wire Shielding Nozzle 
\ 
Shielding nozzle 
A- 5 0 2 s  
b. Sketch of Simulated Narrow-Gap Joint 
U s e d  i n  Shielding Studies 
FIGURE 8 .  SETUP USED TO EVALUATE SHIELDING-GAS NOZZLES 
USING VISIBLE VAPOR 
t 
t r a c e r  to  indicate the path and the shielding pattern of the shielding gas.  
indicated good shielding coverage. 
A dense vapor 
Nozzle configurations to  b e  used for single-wire welding were  tes ted in  simulated 
Nozzle configurations joints having 1/4-inch-wide gaps,  with a joint depth of 3 inches. 
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The visible-vapor studies indicated that these  flow ra t e s  did not cause poor shield- 
ing due to  turbulence. 
welding by observing a r c  stability, appearance of the weld beads,  and weld porosity,  
The effectiveness of the shielding nozzles was evaluated during 
Testing 
Testing methods used to  evaluate welding resu l t s  included visual observation, 
radiographic examination, metallographic examination, hardness  t e s t s ,  tensi le  t e s t s ,  
and bend tes t s .  
Visual observations were  made of the arc during welding. The bead contour, the 
surface roughness and cleanliness of the weld beads were  evaluated af ter  each pass .  
Radiographs w e r e  taken to inspect for porosity, lack of fusion, o r  cracking. Radio- 
graphs were  evaluated pe r  MSFC-SPEC-259. 
Metallographic c r o s s  sections of welds were  prepared  to  examine the weld pene- 
t ra t ion  and location, s ize ,  and extent of porosity, lack of fusion, o r  weld cracks.  
The hardness  of a number of weld macrosections was measured  using a Rockwell 
Hardness  Tes te r .  
surrounding base  metal .  
heat and a similar twin-wire weld made without preheat were  made with a Tukon hard-  
nes s  t e s t e r .  
Rockwell lrBlr measurements  were  made on the weld meta l  and the 
Hardness t raverses  of a twin-wire weld made with 300 F p r e -  
Transverse-weld specimens were  taken f r o m  selected plates and tes ted in  tension. 
The specimens were  ei ther  standard 0.505 round specimens o r  standard rectangular 
specimens.  A drawing of the rectangular specimen i s  shown in F igure  9. 
Transverse-weld  side-bend specimens were  1 /8 inch thick and 1-1 / 2  inches wide. 
The specimens were  bent around a s e r i e s  of d ies ,  s tar t ing with a 3-inch-diameter die 
and progress ing  to  smal le r -d iameter  dies until the specimen cracked. The specimens 
w e r e  liquid dye checked af ter  each bend t o  determine whether any c racks  formed in  the 
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Gage l e n g t h  = 2 .0  
Length o f  reduced s e c t i o n  = 3.0 
Width of  reduced s e c t i o n  = 1 . 0  
Specimen t h i c k n e s s  = .625 
O v e r a l l  l e n g t h  = 10.0 
Radiu s = 2 .0  
Width of  g r i p  ends  = 1 . 5  
Note: Ends s h a l l  be symmetrical w i t h i n  0 .01  i n .  
FIGURE 9. RECTANGULAR TENSION TEST SPECIMEN 
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weld zone. 
p r io r  to  the bend which caused cracking. 
for  mula : 
The total percent elongation was calculated f r o m  the minimum radius used 
The elongation was calculated f rom the 
T(  100) Elongation*, percent = -
2 R t T  ' 
where  T = thickness of the specimen 
R = minimurn radius  of bend prior to failure.  
DISCUSSION O F  SPECIAL EQUIPMENT COMPONENTS 
Several  changes were  made t o  the basic commerc ia l  gas-shielded meta l  a r c -  
welding equipment. 
evaluated. 
control wi re  cas t  at the a rc .  
A number of contact tube and gas-shielding nozzle designs were  
Changes were  made to the wire-guide sys tem t o  support the welding wire  and 
These changes a re  described below. 
Special Contact Tubes 
In commerc ia l  gas -shielded meta l -a rc  welding equipment the wire  electrode is 
guided through the torch  in  a copper o r  copper-alloy contact tube. 
Ai rco  Model 60A welding b a r r e l s  used in this p rogram a r e  normally 1 / 4  inch OD and 
have an ID slightly g rea t e r  than the wire  diameter.  The functions of the contact tube 
a re :  (1)  to  guide the wire  to  the weld puddle, and ( 2 )  to t ransfer  welding cur ren t  to  the 
wire .  
welding operating charac te r i s t ics )  to provide maximum guidance of the wire  and prevent 
overheating of the wire  due to  the current  flowing through it. 
Contact tubes for  the 
The contact-tip-to-work distance should be a s  shor t  as possible (within proper  
In normal  gas-shielded meta l -a rc  welding the contact t ips a r e  kept within o r  pro-  
t rude  slightly below the shielding-gas nozzle. In Narrow-Gap welding, the contact tubes 
a r e  inser ted  into the narrow welding groove and therefore  protrude 1 inch o r  m o r e  f rom 
the shielding nozzle depending on the thickness of the plate being welded. 
Theoretically,  a b a r e  contact tube can be used for  Narrow-Gap welding as long as 
it does not touch the work. 
tube is  melted and destroyed before the equipment can be shut off. 
the  lo s s  of the  contact tube i s  the contamination of the work with copper. 
If the contact tube shor t s  out t o  the work during welding, the 
More ser ious  than 
There  is another way, however, in which the weld can become contaminated with 
copper.  
me ta l - a rc  and Narrow-Gap welding. 
mus t  b e  init iated b y  touching the electrode to the  work, the air and shielding-gas mix-  
t u r e s  being good insulators .  Once the aTc is initiated, however, the ionized gases  in  the 
a r c  provide a ready path for the welding current.  
p roper ly ,  the highly directional a r c  which is charac te r i s t ic  of the gas -meta l -a rc  process  
*This formula is based on the assumption that neutral axis of the bend-test specimen is at the mid-thickness of rhe specimen. The 
This  is the so-called "burnback" which i s  common in  both standard gas-shielded 
In either type of gas-meta l -a rc  welding, an  a r c  
As long a s  the equipment operates  
values computed using this formula are a good approximation of the ductility exhibited in the bend test. 
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will s tay at the end of the consumable wire  and be directed to  the root of the joint. 
there  is a momentary stoppage in wire  feeding, o r  if in Narrow-Gap welding the wire  is 
inadvertently moved too close to the sidewall during welding, the a r c  moves up the wi re  
arcing to  the joint sidewall and mel t s  the end of the contact tube, causing copper con- 
tamination in  the weld. 
If 
Copper contamination in  standard gas -shielded me ta l - a rc  welding, therefore ,  is 
most  likely t o  occur due to  burnbacks caused by a momentary delay in  wire  feed. 
tional causes  of copper contamination a r e  present  in Narrow-Gap welding. Since the 
contact tube i s  inser ted into the joint, copper contamination can a l so  occur (1)  due t o  
shorting-out of the contact tube to the joint sidewall, and ( 2 )  due to burnback caused by 
the a r c  traveling up the wire  and melting the end of the contact tube. The contact tubes 
f o r  Narrow-Gap welding a r e  therefore  usually insulated to prevent shorting-out and, a s  
Addi- 
will be pointed out l a t e r ,  to  prevent copper contamination 
Contact Tube Configurations 
Sketches of the contact tube configurations evaluated 
shown in  Figure 10. 
f burnback occurs .  
during this p rogram a r e  
Contact Tube A is a commercial ly  available contact tube. The end of the tube is 
This type of contact tube op- 
machined to  1 /8-inch diameter  for a length of approximately 3-1 / 2  inches to  provide 
adequate operating clearance in  the narrow groove joint. 
e r a t e s  satisfactorily except it has no protection against  shorting-out to  the joint sidewall. 
Also, i n  the event of w i re  burnback the weld may become contaminated with copper.  
The operating tempera ture  of this contact tube was measured  using a chromel-  
a lumel  thermocouple attached to the tube 1 / 4  inch above the tip. Three  welding passes  
were  made during this tes t ,  and tempera ture  readings were  recorded during each pass  
using a Brown recording me te r .  
25 volts,  and 35 seconds total weld t ime.  The contact tube quickly reached an  operating 
tempera ture  of 350 to 360 F (within approximately 5 seconds) and remained constant f o r  
the remainder  of a 35-second operating t ime. The contact t ip  cooled to  room t empera -  
t u r e  rapidly after welding was stopped. 
The welding conditions used were  210-220 amperes ,  
Several  contact tubes were  made with a p lasma sprayed coating of zirconia o r  
t i tania on the ends t o  insulate the tube f rom the joint sidewall. 
tubes was rectangular in section a s  shown in F igure  10. 
coatings were  unsatisfactory. 
expansion of the copper tube and the coating. 
and chipped off very easily.  
The lower end of these  
It was found that the sprayed 
They tended to spa11 during welding due to  different ia l  
Also,  the coatings were  extremely f rag i le  
The end of the Type C contact tuhe shown in  F igure  10 was bent to direct  the wi re  
against the joint sidewall. This was done to permi t  welding with the contact tube spaced 
fur ther  away from the joint sidewall. 
welds were  made with a nylon guide attached near  the t ip  of the tube to  prevent shorting- 
out to the sidewall. The Type C contact tubes w e r e  effective in  preventing shorting-out 
to  the joint sidewall; however, they could sti l l  c ause  copper contamination if burnbacks 
occurred.  
The contact tube body was not insulated. Some 
The Type D contact tubes were the most  effective used during this program. These 
contact tubes a r e  s imi la r  to  Type A, except they were  insulated with a mulli te ce ramic  
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FIGURE 10. SKETCHES OF CONTACT TUBES EVALUATED FOR NARROW- 
GAP WELDING THICK GAGE 2219-T3 1 ALUMINUM 
B A T T E  L L E  M E M 0  R I A L I N S T I T U T E  
24 
tube. 
pe rmi t  passage of the welding wire .  
tube as wel l  as the s ide .  
but did not melt  the copper  tube o r  cause  contamination of the weld. 
tube was  v e r y  effect ive when used with the single -wire-centered  welding technique. 
The mulli te tube was closed at one end. A hole was dr i l led  in the closed end t o  
The insulation then covered the end of the contact 
In the event of a burnback the wire  mel ted  back to  the mull i te  
The Type D contact 
In twin-wire welding, it is necessa ry  to  u s e  a contact tube with a s m a l l e r  d i ame te r  
a t  the  end than in  the Type D contact tube s o  that the wi re  could be positioned n e a r  the 
sidewall .  The end of 
the contact tube was bent to d i rec t  the wi re  toward the s ide of the joint. The  d i ame te r  at 
the end of the contact tube was s m a l l e r  than that of Contact Tube D so  that the contact 
tube could be  placed c lose r  t o  the s ide  of the joint ,  
the contact tube. Since mull i te  tubes with capped ends were  not readi ly  avai lable ,  the 
end of the contact tube could not be insulated.  
having a capped end could be  obtained in  the s m a l l e r  d i ame te r  s i ze .  
that  these  be used as in  the Type D contact tube to effectively el iminate  danger  of con- 
taminat ion in  the Narrow-Gap welds. 
Contact Tube Type E was mos t  effective for  twin-wire  welding. 
Mullite tubing was used to  insulate 
It is believed, however,  that  mull i te  tubes 
It i s  recommended 
Shielding Nozzles 
During this p rogram,  it was n e c e s s a r y  t o  develop special  shielding nozzles  f o r  
Narrow-Gap welding. Standard commerc ia l  3 /4- inch-diameter  nozzles  shown in  F ig -  
u r e  11 provided good shielding when depositing Narrow-Gap welds in  1 -inch-thick a lu-  
minum alloy plates. 
s tandard  shielding nozzles.  
aluminum alloy plate,  i t  became  apparent  that improved  shielding was requi red .  
beads made  i n  3-inch aluminum plate using the commerc ia l  3 /4- inch-d iameter  nozzle  
had a n  i r r egu la r  and d i r ty  su r face ,  and the a r c  was v e r y  e r r a t i c  and unstable .  It ap-  
pea red  that the shielding gas  was  not flowing t o  the bot tom of the 3-inch-deep gap. 
A number  of welds were  a l so  made  in  2-inch-thick plate using 
When the f i r s t  a t tempts  were  made  to  weld 3 -inch-thick 
Weld 
A 3-inch-thick plate was then welded inside an  enc losure  to  s e e  whether  the th icker  
plate could b e  welded with improved shielding. 
18-inch-long weld joint. 
nozzle  of the welding b a r r e l  projected through a loosely fitting sliding Plexiglas  top. The  
enc losure  was purged by introducing the He-A shielding-gas mix tu re  through the nozzle 
for  15 to 20 minutes before  each  pass .  During welding, the weld joint was  shielded by 
the shielding-gas a tmosphere  inside the enc losure  as wel l  as b y  shielding gas  flowing 
through the nozzle. The  welding a r c  was much m o r e  s table ,  and the appearance  of the 
bead sur face  was grea t ly  improved over  welds a t tempted in 3-inch plate without the en-  
c losure .  It was  recognized, however,  that  this type of shielding is cost ly  and severe ly  
l imi t s  accessibil i ty.  
t he re fo re  begun to  develop an  improved shielding nozzle fo r  Narrow-Gap welding thick 
aluminum. 
The enc losure  was built  to  sur round the 
The enc losure  was 8 inches wide and about 6 inches deep. The 
The vis ible-vapor  shielding-gas s tudies  descr ibed  previously w e r e  
Shielding Setup A shown in F igu re  12 conducted shielding gas  into the bottom of the  
joint by auxiliary tubing. 
the s tandard torch nozzle.  
and air  being drawn into the weld a r e a .  
unsat isfactory because of lack of adequate gas  coverage .  
These  auxi l iary shielding devices  w e r e  used in  conjunction with 
This  shielding method was unsa t i s fac tory  due to  turbulence 
Shielding Setup B shown in  F igu re  13  was a l s o  
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FIGURE 11. COMMERCIAL 1-INCH-DIAMETER SHIELDING NOZZLES SET 
U P  FOR SINGLE-WIRE AND TWIN-WIRE WELDING 
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The shielding methods that seemed to work best  were  those that contained the 
shielding gas and res t r ic ted  i ts  escape so  that a p r e s s u r e  slightly above the ambient 
p r e s s u r e  was built up around the a r c .  
a r c .  
cessfully t o  make a number of welds in joints 2-1/2 inches deep. The end tabs on this 
shield were  placed close to the bottom of the joint during welding. The escape of the gas  
was thus res t r ic ted  and the resulting p res su re  buildup of shielding gas eliminated air. A 
disadvantage of this type of shield, however, w a s  the fact that it sometimes caught on the 
s ides  of the joint, especially i f  joint shrinkage occurred.  
o r  stoppage of t ravel .  
This evidently kept air f rom being drawn into the 
Type C shielding nozzle ( see  Figure 14),  a duct projecting into joint, was used suc -  
This resulted in i r regular i ty  
A nozzle built to  the configurations shown in F igures  15 and 16 proved to be the 
mos t  sat isfactory of the various shielding setups evaluated. 
good shielding and avoided the problems inherent in  the other types of shielding setups 
where inflexible pa r t s  of the shield projected into the narrow groove. 
nozzles by the visible-vapor method indicated that the flexible Teflon end baffles and the 
sk i r t  used on the twin-wire nozzle guided the  shielding gas into the joint, res t r ic t ing i t s  
escape until i t  reached the bottom of the joint. 
being aspirated into the a rc .  
These nozzles provided 
Tes ts  of these 
There  was no indication that a i r  was 
Wire-Guide Tube Modification 
One of the difficulties encountered in this program was that of feeding fine alumi- 
num wire  with the standard commercial  wire-feed systems.  
w i re  is low, and even a slight res is tance o r  drag at  the contact tube end of the wi re  
caused i t  to  buckle and become tangled, stopping the wire  feed. 
buckled between the exit of the drive rolls and the entrance to  the wire guide. At t imes ,  
however,  the wire  buckled in the flexible nylon l iner  between the feed rol ls  and the con- 
tact  tube. 
The column strength of the 
The wire  usually 
The commerc ia l  wire-feed sys tem that was used in  this program had a nylon l iner  
between the dr ive rol ls  and the contact tube. 
surrounding the l iner  was much l a rge r  than the outside diameter  of the flexible nylon 
l iner .  
ing welding, the wire  and the nylon l iner  were f r e e  to bend. It was then difficult to  feed 
the bent wire  through the contact tube. 
quent during Narrow-Gap welding than in normal gas  -shielded meta l -a rc  welding, s ince 
the Narrow-Gap process  uses  a very  shor t  arc length in the spray- t ransfer  range. 
The inside diameter  of the welding b a r r e l  
When.the wire  stubbed into the work, either at the weld s t a r t  o r  momentarily du r -  
The occurrence of stubbing i s  probably m o r e  f r e -  
The guide-tube sys tems of the welding heads were  modified t o  fully support  the 
wi re  as i t  exited f rom the dr ive rol ls  and passed through the nylon l iner  to  the contact 
tube ( s e e  F igure  17). A wedge-like wire  guide was contoured to fit very closely to  the 
wire-feed rol ls  s o  that the wire  was supported a s  i t  exited f rom the rol ls .  
tubing that extended f rom the wire  guide to  the contact tube was fully supported by a 
length of s t ee l  tubing. 
in the end of the contact tube. 
The nylon 
One end of the nylon l iner was placed in  a counterbored r e c e s s  
The wire-guide tube modification was effective in  reducing the number of w i re  
stoppages.  
ately stubbed into the plate at normal  contact-tube-to-work distance with no welding 
c u r r e n t  applied. 
plate but continued to feed. 
Tes ts  of the wire-guide sys tem were made in which the wire  was del iber-  
After the modifications were made,  the wire  bent upon striking the 
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ORIF ICE 
FIGURE 15. EXPERIMENTAL SHIELDING NOZZLE D 
Elongated nozzle with end baffles which 
extend into narrow-groove joint. 
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Modification to Control Wire Cas t  
A device was added to the wire- feed  equipment t o  control  w i re  c a s t  during twin- 
w i r e  welding. 
have a much  better sidewall  penetrat ion and a be t t e r  contour i f  the f i l l e r  w i r e  is angled 
toward the sidewall. 
tubes  toward  the sidewalls.  
however ,  because of the confinement of the n a r r o w  joint. 
through a bent contact tube. 
It w a s  found that the  f i l le t - type weld beads requi red  for  twin-wire  welding 
This  can  be done t o  some  extent by bending and angling the contact 
It i s  a l so  difficult to  feed  w i r e  
Directing the T i r e  by Sending the contact tube is  l imited,  
F i g u r e  18 shows the control led wi re -cas t  sys t em used on each of the welding heads 
during twin-wire s tudies ."  This  se tup  caused  the wi re  to be  bent around one of the w i r e -  
dr ive  ro l l s ,  entering the wire- feed  ro l l s  in  a d i rec t ion  perpendicular  to the contact tube. 
Bending the wire over  one of the ro l l s  puts a control led c a s t  in i t .  
c a s t  is controlled so  that the wire  is directed toward the s ide  of the joint as it exi ts  
f r o m  the contact tube. 
The d i rec t ion  of the 
The modification to  control w i r e  cas t  during twin-wire  welding was r a t h e r  effective 
in  keeping the  magnitude and direct ion of the w i r e  cas t  constant .  
c a s t  fo rmed  on a cold 3 /64- inch-d iameter  a luminum w i r e .  
approximately 6-1 / 2  inches.  
sult ing f r o m  use of controlled wire  cas t .  
F igure  19 shows the 
The rad ius  of this  c a s t  is 
F igu re  20  i l l u s t r a t e s  the improvement  in  weld quali ty r e -  
The  cas t  in the aluminum wi re  was not i n  i tself  enough t o  properly angle the f i l l e r  
w i re  toward the sidewalls.  
t o  help accomplish this  positioning. 
higher  s t rength level  would maintain a s m a l l e r  d i ame te r  cas t  s o  that i t  would not be 
necessa ry  t o  bend the contact tubes.  
t ively in  o ther  welding s tudies  with s t ee l  wi re .  
of approximately 3 inches which was sufficient t o  a s s u r e  adequate sidewall  penetrat ion 
even under adverse  operating conditions. 
It was the re fo re  necessa ry  to  bend the contact tube slightly 
Pe rhaps  an  aluminum f i l le r  w i r e  cold worked to  a 
This control led c a s t  s y s t e m  was used v e r y  e f fec-  
The s t ee l  w i r e  maintained a c a s t  rad ius  
*?'his method of coritrolling the cast of a welding wire is believed to he patentable. The  idea was conceived and reduced to 
practice on another Battelle project conducted for the U. ,S.  Navy, Bureau of Ships. Battelle will elect  to take t i t le to this 
invention as provided for  iri our contract with the Bureau of Ships. Under the terms of this contract, the u.  s. Government 
will receive a royalty-free license to practice the invention for Government purposes. 
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FIGURE 18. MODIFICATIONS MADE TO WELDING HEAD TO IMPROVE WIRE 
SUPPORT AND OBTAIN CONTROLLED WIRE CAST 
A chamfered wi re  guide (1)  is closely fi t ted against  the exit side 
of the drive ro l l s  t o  support the wire.  
drive ro l l s  in a direction (2) 90 degrees  to normal  wi re  feed 
direction ( 3 ) .  
producing a controlled cast  in  the wire.  
The wi re  feeds into the 
The w i r e  is bent around one of the ro l l s  t h u s  
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FIGURE 20. MACROSECTION SHOWING E F F E C T  O F  USING 
CONTROLLED-WIRE CAST DURING WELDING 
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RECOMMENDED NARROW-GAP WELDING PROCEDURES 
Procedures  were  developed for  Narrow-Gap welding thick-gage 221 9-T31 alumi- 
num using the s ing le-wire-centered  technique in the flat and horizontal  posit ions and the 
twin-wire technique in  the flat and ve r t i ca l  posit ions.  
f l a t - ,  ver t ica l - ,  and horizontal-posit ion welding a r e  given in  Tables  1-3.  
cedures  w e r e  not tes ted in the full 1 tc; 5- inch-thickness  ranges .  
of numerous  test welds made  during the p rogram,  however,  applicable plate th icknesses  
have been assigned t o  each procedure  a s  l i s ted  in  Tables  1-3.  
Recommended procedures  f o r  
These  p r o -  
Based on the r e su l t s  
The radiographic quali ty of the Narrow-Gap welds made  using the recommended 
procedures  were Grade 2 o r  be t t e r ,  according to  MSFC-SPEC-259. 
The t r ansve r se  weld tensi le  s t rength of the Narrow-Gap welds 2219-T31 plate 
tes ted  as welded ranges f r o m  4 0  to 42 k s i  with elongations in 2 inches of 4 t o  6 percent .  
The weld-metal  elongation a s  measu red  in  t r a n s v e r s e  s ide  bend t e s t s  is approximately 
10 percent  with spec imens  conforming to  a minimum die  radius  of 1 / 2  inch without 
f ractur ing.  
TABLE 1. RECOMMENDED PROCEDURES FOR NAKROW -GAP WELDING THICK-GAGE 2219-T31 
ALUMINUM ALLOY PLATES IN THE FLAT POSITION 
Welding Technique Single-W ire-Centered Twin-Wire 
Plate thickness, inch 1 to 2 1 to 5 
Joint gap, inch I /4 3 /8 
Filler wire 
T Ype 2319 2319 
Diameter 3 i64 3 /64 
Position in groove(a) Center 1/16” from joint edge 
Percentage composition 65He-35A 65He-35A 
Total flow rate, cfh 50 to 80 50 to 120 
Shielding gas 
Contact tube 
CTWD,(b) inch 112 1 /2 
Separation,(c) inch - -  1-1/4 
Travel speed, ipm 25 37 
Lead wire 
Feed rate, ipm Approx 370 Approx 340 
Cast, inch None 13 
Arc volts, DCRP 23 to 25 21 
Current, anip 210 to 230 180 to 190 
Cast, inch diameter(d) -- 
Arc  volts. DCRP(e) - -  
Trail wire 
Feed rate, ipin _ -  Approx 340 
13 
21 
Current, amp - -  185 to 190 
Head angle(g) 7 deg lagging 7 deg lagglng 
(a) Wire position i l l  the weld joint is iiieasured fro111 the sidewall to the wire centerline, meastlremellt 
(b) CTWD - Contact-Tube-to -W ork Distance. 
(c) Separation - Distance betweell the t W O  CoiItiict tubes ineasured along the centerline of the joint. 
(d) Cast - Free disineter of filler wire after i t  leaves tlle contact tubes. 
(e) DCRP - Direct Current Reverse Polarity. 
(f) Shielding-nozzle types are shown in Figures 15 alld 16. 
(9) Sketch showing the head angle is contained in Figure 21b. 
Shielding iiozzle(f) Type D Type E 
heiiig made at  the hottoin of thc joint with the wire extended to the work. See Figure 21. 
B A T T E L L E  M E M O R I A L  I N S T I T U T E  
37 
a. Contact Tube in  Position for Twin-Wire Welding 
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b. Sketch Illustrating Head Angle 
FIGURE 21. POSITION OF CONTACT TUBE AND WELDING TORCH 
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TABLE 2. RECOMhfENDED PRKEDURE FOR NARROW-GAP WELDI?!G 
THICK-GAGE 2219-T31 ALUMINUM ALLOY PLATES 
IN THE VERTICAL POSITION 
Welding Technique Twin-W ire 
Plate thickness, inch 1 to 5 
Filler wire 
Joint gap. inch 3 /a 
Type 2319 
Diameter 3 /64 
Position in groove(a) 
Percentage composition 65He-35A 
Flow rate 50 to 120 
1/16" from joint edge 
Shielding gas 
Contact tube 
CTWD(b), inch 1 /2 
Separation(c), inch 1-1/4 
Travel speed, ipm 
Lead wire 
40 to 42 
Feed rate. ipm Approx 340 
Cast(d), inch diameter 13 
Arc volts(e), DCRP 21.5 
Current, amp  190 
Trail wire 
Feed rate, ipm Approx 335 
Cast, inch diameter 13 
Current, amp 180 
Arc volt, DCRP 20 
Shielding nozzl e(f) Type E 
Head angle(g) 7 deg lagging 
(a) W i r e  position in the weld joint is measured from the sidewall to the wire 
centerline, measurement being made a t  the bottom of the joint with the 
wire extended to the work. See Figure 21. 
(b) CTWD - Contact-Tube-to-Work Distance. 
(c) Separation - Distance between the two contact tubes measured along the 
centerline of the joint. 
(d) Cast - Free diameter of filler wire after it leaves the contact tubes. 
(e) DCRP - Direct Current Reverse Polarity. 
(f) Shielding-nozzle Type E i s  shown in Figure 16.  
(g) Sketch showing the head angle is contained in Figure 21b. 
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TABLE 3. RECOMMENDED PROCEDURE OF NARRDW-GAP WELDING 
THICK-GAGE 2219-T31 ALUMINUM ALLOY PLATES 
IN THE HORIZONTAL POSITION 
~ ~~~ 
Welding Technique Single-Wire-Centered 
Plate thickness, inch 1 to 2 
Filler wire 
Joint gap, inch 114 
2319 
Diameter, inch 3 164 
Position in groove(a) Center 
Percentage composition 65He-35A 
Flow rate, cfh 50 
Travel speed, ipm 25 
Wire feed speed, ipm Approx 390 
Arc volts, CDRP(') 23 to 24 
Current, amp 210 to 230 
Shielding nozzle(d) Type 6 
Head angle(e) 7 deg lagging 
(a) Wire position in the weld joint is measured from the sidewall to the wire 
centerline, measurement being made at  the bottom of the joint with the 
wire extended to the work. See Figure 21. 
(b) CTWD - Contact-Tube-to-Work Distance. 
(c) DCW - Direct Current Reverse Polarity. 
(d) Shielding nozzle Type D as shown in Figure 15. 
(e) Sketch showing the head angle is contained in Figure 21b. 
Shielding gas 
CTWD(b), inch 1 I2 
DISCUSSION O F  RESULTS 
Welding Techniques 
Narrow-Gap welds w e r e  deposited using t h r e e  different welding techniques: 
(1)  s ing le-wire-centered ,  (2)  s ingle-wire-offset ,  and ( 3 )  twin-wire technique. Details 
of welding p rocedures  used  and resu l t s  obtained on all t e s t  plates  welded during this  p ro -  
g r a m  a r e  given in Appendix A. 
shown i n  Appendix B. 
w i r e  -cent e r ed technique. 
invest igated t o  e l iminate  cracking and ver t ical-posi t ion welding problems encountered 
with the s ingle  -wire-centered technique. 
An example of a typical individual weld da ta  shee t  is 
The s ingle -wire  - off s e t  and twin-wir e welding procedure  s w e r e  
Originally,  i t  was planned to  do all of the welding with the single- 
Sine1 e - Wi r e  - Cent e r e d  T e c hnia ue 
F i g u r e  22 shows a macrosec t ion  of a weld in  2-inch plate deposited using the 
s ing le-wire-centered  procedure .  
weld according t o  MSFC-SPEC-259. 
the root  of the weld. 
welding c u r r e n t ,  195 amperes .  
amperes w e r e  f ree  of lack-of-fusion defects ( s e e  macrosec t ion  of Weld R-31 shown in 
F i g u r e  27b). 
The porosity leve l  i n  this  weld was that of a Class  2 
However, t h e r e  w e r e  lack-of-fusion defects along 
These  lack-of-fusion defects w e r e  at t r ibuted t o  the u s e  of too low a 
La te r  t e s t  welds made  using the recommended 210 t o  230 
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1x 10% NaOH 6 140 
t Conc. HN03 Rinse 
FIGURE 22. MACROSECTION OF A NARROW-GAP WELD 
DEPOSITED IN THE FLAT POSITION IN 
PLATE (Plate  R-26) 
2-INCH- THICK 22 19 ALUMINUM ALLOY 
The single-wire-centered procedure  given in  Table 1 was evaluated only in 1 -  and 
2-inch-thick plate. 
centered procedure but with 1 /16-inch r a the r  than the 3 /64-inch-diameter f i l l e r  w i re  
specified in  Table 1. The procedure  using 1/16-inch-diameter f i l ler  w i re  was not suf- 
ficiently developed to  obtain consistently good-quality welds which were  free of lack-of- 
fusion defects. No problems were  encountered with weld-metal  cracking i n  the 3-inch- 
plate welds, however, and the procedure  given i n  Table 1 is believed to  b e  suitable fo r  
welding 3 -inch-thick plate. 
Several  welds were  made  in 3-inch plate using the s ingle-wire-  
The single-wire-centered procedure  developed fo r  flat-position welding was also 
Grade 2 radiographic quality level 
The porosity,  however, had a 
used  satisfactorily for  horizontal-position welding. 
was also obtained in the horizontal-position welds. 
tendency to  collect along the upper side of the joint. 
n e s s e s  w e r e  welded in the horizontal position. 
Only the 1 -  and 2-inch-plate thick- 
Attempts were  made  to weld in the ver t ica l  position by the single-wire-centered 
technique, but these welds were  unsatisfactory.  
cally up the weld m e t a l  sagged and r a n  i n  the joint. 
down were  easily controlled and had a good spreading action that promoted sidewall  
fusion, but these welds were  ex t remely  porous.  
partially welded double-U joint in 5-inch-thick plate. 
ver t ical ly  down. 
about 7 / 8  inch of weld had been deposited f r o m  each  side of the plate.  
welds in 5-inch-thick plates,  deposited by  the s ingle-wire-centered technique in  the flat 
position, cracked af ter  about the s a m e  amount of weld me ta l  had been  deposited; how- 
ever ,  the cracks in  these  welds occur red  n e a r  the fusion line. 
When weld beads w e r e  deposited ve r t i -  
Weld beads deposited ver t ical ly  
F igu re  23 shows a macrosec t ion  of a 
The weld beads  w e r e  deposited 
A longitudinal weld c r a c k  appeared  n e a r  the center  of the weld a f t e r  
L e s s  porous 
Because of the cracking and vertical-posit ion welding difficult ies encountered, 
work with the single-wire-centered technique was discontinued to  work  on other ap- 
proaches to  Narrow-Gap welding thick aluminum plate in  the ver t ica l  position. 
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The s ingle-wire-offset  technique was f i r s t  used  in  an at tempt  to deposit  Narrow-  
The sma l l  weld pools were  eas i ly  con-  
Gap welds in  the ve r t i ca l  position. 
(40 ipm)  w e r e  cha rac t e r i s t i c  of this technique. 
t ro l led  in  the ve r t i ca l  position. However,  with this  technique, each  bead  lef t  a c rev ice -  
type contour that was difficult  t o  f i l l  with the subsequent pas s ,  thus often leaving lack of 
fusion. An example of th i s  is shown in F igu re  24. 
a l so  made  the weld suscept ible  to  cracking between passes .  A 5-inch-thick plate was 
completed by the s ingle-wire-offset  technique in the ver t ica l  position; however,  a c r o s s  
sect ion of this  weld showed that it was cracked even though the fusion was reasonably 
good. 
S t r inger  beads deposited at  high t r ave l  speeds 
The crev ice  left  a f te r  eve ry  pass  
Single-wire-offset  welds were  a l so  deposited in  the flat position, but t hese  a l so  
The single-wire-offset  technique was abandoned in  favor of twin- had lack  of fusion. 
w i r e  welding. 
Twin- Wire Welding Technique 
The twin-wire  welding technique was considered as a possible  approach t o  elimi- 
nate  cracking in  Narrow-Gap welds in 5-inch-thick plate.  It was believed that the m o r e  
favorable  f reez ing  pa t te rn  and the smooth contour left  af ter  each  twin-wire  welding pass  
would reduce the  tendency of the weld to  crack. The twin-wire technique could be  used 
i n  the  ve r t i ca l  posit ion,  s ince  the  high t r a v e l  speeds (40 ipm)  l imi t  the s i ze  of the weld 
pools. 
It was found that the c rev ice  associated with single-wire-offset  welding was m o r e  
The leading a r c  had a prehea t -  eas i ly  pene t ra ted  and fi l led by the twin-wire technique, 
ing effect which aided the penetration of the trail ing a r c .  It was found, however,  that  
the c u r r e n t  m u s t  be  kept high t o  maintain proper  penetrat ion and fusion. 
Welds w e r e  made  in  r e s t r a in t  specimens t o  evaluate the twin-wire technique as a 
means  to  e l iminate  cracking in  5-inch-thick plate. Previously,  c r a c k s  had appeared  i n  
the welds in  5-inch-thick plate a f te r  about 2 inches of weld had been  deposited,  i. e . ,  as 
the joint b e c a m e  heavily res t ra ined .  
w e r e  used t o  evaluate weld cracking.  
machined in  a solid 5-inch-thick plate.  
during welding of the f i r s t  specimen,  ) 
To save welding t ime,  special  r e s t r a in t  spec imens  
Joints  3 1 8  inch wide and 2-114 inches deep w e r e  
(The modification to  control  w i re  c a s t  was added 
The r e s u l t s  f r o m  the r e s t r a in t  specimen welds w e r e  mixed,  i n  that the  th i rd  
spec imen welded (RE-7)  c racked ,  whereas  the previous two spec imens  (RE-5  and R E - 6 )  
did not. 
the joint. 
b roken  open and the f r ac tu re  sur face  was examined. 
on the f r a c t u r e  sur face .  
po ra t e  the end baff les  as shown in F igu re  16. 
RE-9,  w e r e  then  welded in  the ver t ica l  position without cracking.  
macrosec t ion  f r o m  Pla te  R E - 8 .  
The  c r a c k  in Specimen RE-7 was  longitudinal and occur red  n e a r  one s ide  of 
The spec imen was It followed a l ine of porosi ty  i n  the weld c r o s s  section. 
Extensive porosi ty  was observed  
At this  point, the gas-shielding nozzle was  modified to  incor -  
F igu re  25a shows a 
Two re s t r a in t  spec imens ,  R E - 8  and 
A 5-inch-thick plate (Specimen V - 2 0 )  w a s  then welded using the twin-wire welding 
technique i n  the ve r t i ca l  position. 
u r e  25b. 
A macrosec t ion  through this  weld is shown in  F ig -  
F i g u r e  26 shows two views of the completed weldment. 
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1x 10% NaOH 13001 
-+ HN03 Rinse 
FIGURE 23. PARTIALLY COMPLETED WELD DEPOSITED 
VERTICALLY DOWN IN A 5-INCH-THICK PLATE 
(Plate V-7) 
2-1/2 x lo?.l. NaOH 17487 
+ Conc. HN03 Rinse 
FIGURE 24. 
DEPOSITED IN 1 -INCH-THICK 2219-T31 ALUMINUM 
ALLOY BY THE SINGLE-WIRE-OFFSET TECHNIQUE 
MACROSECTION OF NARROW-GAP WELD 
(Plate V-13) 
Note the lack of fusion left at the root of the fillet- 
type welds. 
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1x 10% NaOH 19265 
t Conc. HN03 Rinse 
1x 10% NaOH 19264 
HNO3 Rinse 
a. Res t r a in t  Specimen RE-8 b. Butt Weld V-20 
FIGURE 25. MACROSECTIONS OF NARROW-GAP WELDS DEPOSITED IN THE 
VERTICAL POSITION IN 5-INCH-THICK 22 19 ALUMINUM ALLOY 
USING THE TWIN-WIRE TECHNIQUE 
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18668 
~ 
"i 
18669 
FIGURE 26. PHOTOGRAPHS O F  SPECIMEN v-20 AFTER COMPLETION 
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The  joint design used  f o r  P la te  V-20 was a double-U joint with 0. 150-inch-thick 
machined land. 
The two root p a s s e s  of this  joint  were  welded by the s ing le-wire-centered  technique to 
fuse  the machined lands together ,  but  the remainder  of the weld was deposited by  the 
twin- wi re  technique. 
The joint was 3 / 8  inch wide at the root,  and 7 /16  inch wide a t  the face.  
Weld p a s s e s  w e r e  made  al ternately on one s ide  of the plate,  then  the o ther ,  f o r  
the f i r s t  24 weld p a s s e s  to  balance shr inkage forces .  
before  welding and af te r  each  pass  showed that t h e r e  was  l i t t le  shr inkage after 24 passes. 
F r o m  this  point on, 2 t o  5 pas ses  were  made  on one s ide  before  welding on the o ther  
side.  
other  s ide of the plate.  
taken approximately a t  the midlength of the weld i n  P la t e  V-20. 
Measurements  of the joint  opening 
The total  shr inkage of the joint was 0. 095 inch on one side and 0. 082 inch on the 
The photomacrograph, tens i le  bars,  and bend spec imens  w e r e  
Twin-wire  Narrow-Gap welds w e r e  a l so  made  in  1 and 2-inch-thick plate i n  the 
f la t  position. 
under  the  d iscuss ion  of the  effect of preheat .  
posit ion welding of 2-inch plate and the ver t ical-posi t ion welding r e su l t s  d i scussed  
above, no problems a r e  anticipated in using the twin-wire technique t o  weld plate thick- 
n e s s e s  up to  5 inches in  the flat position, 
Resul ts  of the welds made  in  2-inch plate are d iscussed  l a t e r  i n  the r epor t  
Based on the r e su l t s  obtained in  the f la t -  
Narrow- Gap Welding P a r a m e t e r s  
The effects of a number of the Narrow-Gap welding p a r a m e t e r s  are d iscussed  in  
the following sect ions of this  report .  
Shielding-Gas Mixtures  
Argon,  hel ium, and mixtures  of helium and argon were  evaluated as shielding 
g a s e s  f o r  Narrow-Gap welding of 2219 aluminum alloy. 
a rgon  m i x t u r e s  w e r e  used  in  the ea r ly  t e s t  welds s ince  it was believed that the heavier  
a rgon  gas  would provide be t t e r  gas  coverage in  the  deep, narrow-grooved joints.  
found, however ,  that  the a r c  cha rac t e r i s t i c s  w e r e  not suitable fo r  Narrow-Gap welding 
when the hel ium-argon shielding-gas mixture  contained m o r e  than 50 percent  argon.  A 
mix tu re  of 65 helium-35 argon was found to  be the m o s t  effective shielding mix tu re  fo r  
Narrow-Gap welding aluminum alloy. The choice of the 65 helium-35 argon mix tu re  
was  based  on  obtaining the best combination of arc control ,  bead contour ,  penetrat ion 
pa t te rn ,  a r c  cha rac t e r i s t i c s ,  and porosi ty  level. 
Argon, and argon-r ich  he l ium-  
It was 
Shielding-gas mix tu res  fo r  Narrow-Gap welds were  var ied  f r o m  100 percent  a rgon  
t o  30 argon-70  helium. Narrow-Gap welds were not made  using shielding-gas mix tu res  
containing m o r e  than  70 percent  helium. This upper  limit i n  hel ium content was based 
on the r e s u l t s  of bead-on-plate t e s t s  i n  which 100 percent  helium and mix tu res  contain- 
ing c lose  t o  100 percent  helium caused a digging a r c  and a poorer ,  rough, discolored,  
m o r e  oxidized weld bead  sur face .  
When Narrow-Gap welding with pure  argon o r  a rgon-r ich  shielding-gas mix tu res ,  
the a r c  was  not eas i ly  controllable.  
amount of weld spa t t e r ,  and the weld bead had a rougher  surface.  
With short  a r c  lengths,  t he re  was an  excess ive  
When the a r c  length 
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was increased  enough to significantly d e c r e a s e  the weld spa t t e r ,  the  a r c  wandered to  the 
joint sidewalls and resul ted i n  lack  of fusion. 
In general ,  welds deposited using 50 to  70 percent  helium shielding gas  were  found 
to  b e  l e s s  porous than welds deposited using a mixture  made  up predominantly of argon.  
Macrosect ions of Narrow-Gap welds deposited using shielding-gas mix tu res  of 70 a rgon-  
30 hel ium and 65 helium-35 argon a r e  shown in  F igu re  27. 
using the same heat input (approximately 13, 000 joules p e r  inch).  
the welds made using 70 argon-30 hel ium shielding g a s  contained m o r e  porosi ty .  This  
weld a l so  exhibited poore r  penetrat ion into the joint sidewall ,  and a number of lack-of-  
fusion defects  a re  vis ible  in  this  c r o s s  section. 
penetrat ion and perhaps d e c r e a s e  the porosi ty  in  70 argon-30 hel ium shielded welds by 
using higher  welding cu r ren t .  
could not b e  established using the a rgon-r ich  shielding-gas mix tu res .  
These  welds were  made  
As shown in F igu re  27, 
Attempts w e r e  made  to  improve  the 
Sat isfactory high cu r ren t  welding conditions, however,  
The improved weld-metal  soundness and Narrow-Gap operating conditions obtained 
with the high helium-gas mix tu res  as compared  with those obtained with the high a rgon-  
gas  mix tu res  can be at t r ibuted to  a number  of facts :  
The weld beads tend to have g r e a t e r  penetration n e a r  the edge, t h e r e -  
fore ,  a s s u r e  be t t e r  penetration into the s ides  of the Narrow-Gap joint.  
A spray mode of meta l  t r a n s f e r  can  be maintained even though the a r c  
length is short .  
The voltage to a rc- length  ra t io  i s  h igher ,  thereby  producing a m o r e  
concentrated source  of heat.  
A r c  Voltaee 
In general ,  the a r c  voltage mus t  be  m o r e  closely control led in  Narrow-Gap weld- 
The a r c  voltage and the a r c  length a r e  
Also,  if 
ing than in  conventional gas -me ta l - a rc  welding. 
d i rec t ly  related.  
ex t remely  short  a r c  length causes  excess ive  weld spa t t e r  and an  unstable  a r c .  
the a r c  i s  extremely shor t ,  it is impossible  to  es tab l i sh  the s p r a y - t r a n s f e r  c u r r e n t  
cha rac t e r i s t i c  required for  Narrow-Gap welding. On the other  hand, the Narrow-Gap 
welding a r c  must be  kept shor t  enough to  be  control lable  in  the  n a r r o w e r  joint. If the 
a r c  length becomes longer than the dis tance f r o m  the f i l l e r  w i r e  to  the s idewall ,  t h e r e  
is danger  that  the a r c  will  wander to  one sidewall  o r  the o ther .  
In Narrow-Gap welding as in  conventional gas  -me ta l - a rc  welding an  
Narrow-Gap welds were  deposited at  a number  of different  a r c  voltage values ,  
ranging f r o m  1 9  to 27 vol ts .  
voltage ranges  f o r  each  welding posit ion and welding technique is  given in  Table  4.  
A l i s t  of the voltage ranges  investigated and recommended 
Current  
The cur ren t  ranges  investigated during th i s  p r o g r a m  w e r e  150 t o  275 a m p e r e s  f o r  
3/64-inch-diameter  wire  and 170 t o  290 a m p e r e s  f o r  1 /16- inch-d iameter  w i re .  
of too low a cur ren t  caused lack of fusion,  unstable  a r c ,  and poros i ty  in  Narrow-Gap 
welds .  
t ra t ion  in  the center of the weld accompanied by erupt ion and spa t t e r  f r o m  the weld pool. 
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2 x  10% NaOH 
HNOQ Rinse 
a. Weld R4 Depoeited Using 70’7’0A-300JoHe Shielding Gas  
5300 
2- 1 /2x 10% NaOH 17491 
HN03 Rinse 
b. Weld R31 Deposited Using 6570He-350JoA Shielding Gas 
FIGURE 27. MACROSECTIONS OF NARROW-GAP WELDS DEPOSITED IN 
1-INCH-THICK 2219-T31 ALUMINUM PLATE USING HIGH 
ARGON (top) AND HIGH HELIUM (bottom) He-A SHIELDING 
GAS 
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TABLE 4. LIST O F  ARC-VOLTAGE RANGES USED FOR 
DEPOSITING NARROW-GAP WELDS 
Welding Posi t ion 
3-1 at Hor i z ont a1 Ver t ica l  
Technique Used Single-wire-centered Twin-wire Single-wire-centered Twin-wire 
A r c  Voltage Range 21 to 27 19 to  23 22 to  26 1 9  t o  23 
Invest i g a t  e d 
20 to  22 Recommended A r c  23 to  25 20 to  22 23 to  24 
Voltage Range 
In general ,  it was necessa ry  to u s e  higher  cu r ren t s  when welding with the s ingle-  
wi re-centered  technique than with the twin-wire technique. 
weld bead must  completely br idge  the joint fusing to  both s idewalls  and to the bottom of 
the joint. The twin-wire weld beads a r e  a fi l let-type weld and only fuse to one sidewall  
and to  the bottom of the joint. 
The s ingle-wire-centered  
The proper  welding cu r ren t ,  of cour se ,  depends upon the s i ze  of the f i l l e r  w i re  
used.  
s p r a y - a r c  charac te r i s t ic  with a sho r t  a r c  length. The optimum cur ren t  for  3/64-inch-  
d i ame te r  w i r e  in twin-wire welding was found t o  be 180 to 190 a m p e r e s ,  The opt imum 
cur ren t  established fo r  s ing le-wire-centered  welding fo r  3 /64- inch-d iameter  w i re  was  
210 t o  230 amperes .  
In general ,  the cu r ren t  and the voltage m u s t  be  adjusted together  to  es tab l i sh  a 
F i l l e r -  W i r e  Diameter 
Two f i l ler  w i re  s i zes ,  3 /64  and 1 /16- inch  d i ame te r ,  w e r e  evaluated f o r  Narrow-  
Only the 3 /64- inch-d iameter  w i re  was  shown t o  be  sa t i s f ac -  Gap welding of aluminum. 
to ry  and is specified in  the recommended welding p rocedures ,  
Resul ts  of a number of t e s t  welds made  in  th i s  p r o g r a m  indicate sa t i s f ac to ry  
s ingle-wire-centered welding conditions might be  establ ished using 1 /16- inch-d iameter  
f i l l e r  w i re  in the f la t  position. 
have good visual  appearance.  
to  both sidewalls.  
Weld beads deposited using the 1 /16-inch-diameter  w i r e  
The beads appeared  t o  s p r e a d  well i n  the  joint and fused  
A macrosec t ion  of a flat-posit ion weld made  using s ingle-wire-centered  technique 
This  weld was deposited 
The weld beads  exhibit good 
A number  of a t tempts  w e r e  made  to u s e  these  
with 1/16-inch-diameter  fi l ler  wi re  i s  shown in  F i g u r e  28. 
using an  enclosure to  improve the shielding-gas coverage .  
sidewall  fusion with ve ry  l i t t le porosi ty .  
s a m e  welding conditions in subsequent tes t  plates .  These  l a t e r  welds ,  however,  w e r e  
made  in  thicker  plate o r  in the ve r l i ca l  posit ion and w e r e  unsat isfactory due to  weld 
cracking o r  excessive running of the weld puddle. 
checked f o r  welding 1 to  3-inch-thick plate in the f la t  posit ion.  Since Tes t  P l a t e  F-10  
was welded in  an enc losure  and the mechanical  p rope r t i e s  of the weld were  not d e t e r -  
mined,  the consistency of the welding procedure  was  not checked and the procedure  
determinat ion with 1 /16-inch-diameter  f i l l e r  w i r e  is not cons idered  complete .  
The Saine conditions w e r e  not r e -  
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FIGURE 28. 
3-INCH-THICK 2219 ALUMINUM DEPOSITED USING 
MACROSECTION OF NARRDW-GAP WELD IN 
1 /16-INCH-DIAMETER 2319 FILLER WIRE (Test Weld F-10) 
The weld was deposited in the flat position using an 
enclosure around the plate to improve gas shielding. 
1 x  9853 
F u r t h e r  welding studies should be conducted using 1 /16-inch-diameter f i l ler  w i re  
for  flat-position welding. It is believed that the use  of this  l a r g e r  s ize  wi re  would offer 
a possible  advantage of allowing the u s e  of wider joint gaps than possible with the 3/64- 
inch-diameter wi re .  
provide be t t e r  accessibil i ty for  the contact tube and f o r  shielding gas.  
In ce r t a in  instances,  the wider joint gap may be  advantageous to  
The 3/64-inch-diameter f i l l e r  w i r e  with i t s  sma l l e r  weld puddle was bet ter  suited 
t o  horizontal-posit ion welding than 1 /16-inch-diameter f i l l e r  wi re .  Two t e s t  plates 
were  welded in the horizontal  position using the l a r g e r  s ize  wire .  The beads in  these  
plates  tended to sag  in  the joint or leave unfused a r e a s  a t  the sidewalls of the upper 
plate. 
d iameter  wi re .  
was good. 
A number of plates were  welded in  the horizontal position using 3/64-inch- 
The puddle was controllable; yet fusion to  the upper side of the joint 
The 3/64-inch-diameter f i l l e r  w i re  is a l so  believed to  be bes t  suited for  twin-wire 
welding in e i ther  the flat o r  ver t ical  positions. The des i r ed  nar row fillet-type beads 
could be obtained with the 3/64-inch-diameter wire ,  and the welding puddle was con- 
t r 011 ab1 e f o r v e r t  i c  a1 - pos iti on welding. 
Joint Gap 
The minimum joint width i s  determined by the s ize  of the contact tube. The joint 
m u s t  be  wide enough to provide accessibility for  the contact tube to b e  inser ted  into the 
joint with adequate c learance  on each side. The maximum joint gap is dictated both b y  
economy and by the width of the deposited weld bead. 
joint and fuse  to  both sidewalls. 
The bead mus t  completely fill the 
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The  1 /4-inch-wide joint gap used fo r  s ing le-wire-centered  welding using a 3 /64 -  
The 1 /4- inch  inch-diameter  w i re  was prede termined  on the bas i s  of contact tube s ize .  
width is believed to be  a prac t ica l  min imum for  the s i ze  of the contact tubes used. 
ing welding studies made  using 3 /64- inch-d iameter  wire  and the s ingle-wire  -centered  
technique, it w a s  found that the 1/4- inch-wide gap  i s  a l so  c lose  to the upper  l imi t  which 
will a s s u r e  adequate sidewall  fusion. 
i n  a 5-inch-thick plate which had been p repa red  with joints having a sma l l  included angle.  
When welding with the 3/64-inch f i l l e r  w i r e  in these  tapered  joints,  it was observed  that 
the sidewall  fusion became poor when the joint width exceeded 9 /32  of an  inch. 
Dur-  
Single-wire-centered weld beads w e r e  deposited 
As  mentioned previously,  welds w e r e  made  in 5/16-inch-wide joints using 1 /16 -  
Attempts  w e r e  
However,  
inch-diameter  f i l l e r  w i re  with a s ingle-wire-centered  welding technique. 
made  to weld in a 3/8-inch-wide joint using 1 /16-inch-diameter  f i l l e r  wi re .  
these  welds exhibited lack-of-fusion defects .  
the 1/16-inch-diameter  wi re  is the re fo re  between 5 /16  and 3 / 8  inch. 
l imit  has not been determined.  
The max imum joint width weldable with 
However,  this  
The joint width used for  twin-wire  welding in  this  p r o g r a m  was  nominally 3 / 8  inch. 
In twin-wire welding, the contact tubes w e r e  bent o r  angled toward the sidewall  
This wider  joint gap was dictated p r i m a r i l y  by the need for  accessibi l i ty  of the contact 
tubes.  
to  provide bet ter  root fusion. If the  wi re -cas t  s y s t e m  could be perfected s o  that the 
angled contact tube was not necessa ry ,  a na r rower  joint gap might b e  used. 
The joint widths m e a s u r e d  p r i o r  to  deposit ing each  weld l aye r  during twin-wire 
welding va r i ed  between 11 /32 and 13/32 inch, 
quali ty of the weld. 
however,  was not determined with precis ion.  
This  joint gap var ia t ion did not affect  the 
The actual upper and lower tolerance l imi t  fo r  joint gap var ia t ion,  
T rave l  Speed 
After  the proper  a r c  cha rac t e r i s t i c s  a r e  es tabl ished,  the weld t r ave l  speed m u s t  
be adjusted to  obtain the p rope r  s i ze  and shape of bead. 
with the welding technique, w i r e  s i ze ,  joint gap, and welding position. 
Optimum t r ave l  speed  will v a r y  
When welding with a s ingle-wire-centered  technique, the weld bead mus t  be  wide 
Weld beads  can  be  widened t o  s o m e  extent by enough to fuse  t o  both s ides  of the joint. 
using s lower t ravel  speeds.  
excessive weld-metal  buildup cushioned the a r c  and caused lack of fusion t o  the joint  
sidewalls.  
cold joint sur face  without fusion. 
When a t r ave l  speed is too slow, however,  it  was found that  
Although the weld beads  spanned the joint ,  i t  tended to  solidify against  the 
The optimum t rave l  speed for  welding in  the flat posit ion using the 3/64-inch-  
d i ame te r  wi re  and the s ing le-wire-centered  technique was 24 t o  26 inches p e r  minute .  
Higher t r ave l  speeds w e r e  necessa ry  to deposit  the fi l let-type s t r i n g e r  beads  requi red  
in  twin-wire welding. The optimum t r ave l  speed fo r  twin-wire  welding in  the ve r t i ca l  
position was about 40 inches p e r  minute .  
p e r  minute ,  were used sa t i s fac tor i ly  in the flat  position. 
Slightly s lower  t r a v e l  speeds ,  about 37 inches 
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Contact-Tube Posit ion 
In Narrow-Gap welding, the contact tube is  inser ted into the weld joint. 
tube-to-work distance,  CTWD, i s  the distance from the end of the contact tube to  the 
bottom surface of the joint o r  to the surface of the previously deposited weld beads.  It 
is desirable  to  keep the CTWD as short  a s  possible s o  that the f i l ler  wire  i s  accurately 
positioned in  the narrow joint. 
back to the contact tube if  the wire-feed speed fluctuated momentarily.  
cessively shor t  CTWD, there  is an increase  in wire  stoppages due to spa t te r  collecting 
at the end of the contact tube. 
obtain proper  position of the fine aluminum wire in the weld joint. 
9/16 inch was found to  be  suitable for  Narrow-Gap welding of aluminum. 
Contact- 
If the CTWD was too short ,  there  was a danger of burn-  
Also with ex- 
When the CTWD was too long, it was m o r e  difficult to  
A CTWD of 1 / 2  to  
The other important dimension with respect to  contact-tube position i n  the joint is 
the distance t o  the joint sidewall. When welding with a single-wire-centered technique 
the contact t ip  should be  positioned a s  accurately as possible in the center  of the joint. 
F o r  single-wire-offset  o r  twin-wire welding the contact tube( s )  should be  positioned s o  
that the intersection of the center  of the wire  and the bottom of the joint o r  the surface 
of the previously deposited bead is 1 /16 inch from the joint sidewall (shown in F igure  21). 
In twin-wire welding, the leading and trailing wires  were  located about 1-1/4 inches 
apar t  in  the joint. 
Welding-Head Angle 
Welding-head angle is the angle the torch-bar re l  assembly makes  with a l ine pe r -  
pendicular to the plate surface in the plane perpendicular to  the joint center  line. Most 
of the tes t  welds were deposited using a 5 to  7-degree lagging head angle on the torch. 
The use  of a lagging head angle tended to spread the weld beam promoting good sidewall 
fusion and improved surface smoothness. 
Effect  of P rehea t  and InterDass TemDerature 
The use  of preheat was considered as a possible means to  eliminate weld cracking. 
Two 2-inch-thick t e s t  plates,  one with and one without preheat,  were  welded t o  evaluate 
the effect of a 300 F preheat and interpass  temperature  on mechanical propert ies  of the 
weld. These welds were  made in the flat position using the twin-wire welding technique. 
The 12-inch-long plates were  machined to  provide a 3/8-inch-wide joint with a 1/4-inch 
land at the bottom for  weld backing. 
weld in  this  joint preparation. 
No attempt was made to obtain a full-penetration 
The welding conditions used for the preheated plate (F-24)  were  essentially the 
Three  beads in  the non-preheated s a m e  as those for  the non-preheated plate (F-26).  
plate were  deposited using the single-wire-offset technique while one of the welding 
heads was temporar i ly  out of order .  These beads did not appear to  fuse well at  the 
sidewalls.  Sidewall fusion of the twin-wire weld beads in this plate appeared to be  good. 
Metallographic c r o s s  sections of the two welds a r e  shown in Figure 29. These 
sect ions w e r e  only lightly etched for microhardness  testing. 
w e r e  taken nea r  the end of the weld where  the joint was not quite filled. 
Both of these sections 
Lack of fusion 
B A T T E L L E  M E M O R I A L  I N S T I T U T E  
52 
2-1 l2X 10% NaOH 17498 
+ Conc. HNO3 Rinse 
a. Non-Preheated Weld (F-24) 
2- 1 / 2 x  10% NaOH 17497 
t Conc. HNO3 Rinse 
b. Weld Preheated to 300-350 F (F-26)  
FIGURE 29, PHOTOMACROGRAPHS OF WELD CROSS SECTIONS FROM TEST 
P L A T E S W E L D E D T O E V A L U A T E T H E E F F E C T O F 3 0 0 F  
PREHEAT 
Welds were deposited in the flat position using the twin-wire 
Narrow-Gap welding process .  
hardness t raverses  a r e  visible a c r o s s  the top, middle, and 
bottom of the welds. 
Indentations f rom Tukon 
A L  I N S T I T U T E  
- 
53 
to  the joint sidewall is visible in the photomacrograph of the  non-preheated weld shown 
in F igure  29. 
cussed above. In general ,  the weld deposited in the preheated plate has  m o r e  uniform 
sidewall fusion than the weld in  the non-preheated plate. 
This bead was deposited with the single-wire-offset technique as d is -  
Microhardness t r a v e r s e s  were  made across  the weld and heat-affected zone in  
each of the weld sections shown in F igure  29. The hardness  readings were  taken using 
a Tukon hardness  t e s t e r  with 1-kg load. 
cent imeter  intervals  as required to  obtain adequate definition of the hardness  variation. 
The indentations f rom the microhardness  t r ave r ses  at  the top, middle, and bottom of 
the weld can be seen  in the photomicrographs shown in Figure 29. 
Indentations were  made a t  0. 025 to 0. 075-  
Figure  30 i s  a plot of the hardnesses  taken through the top, middle, and bottom of 
the weld made without preheat.  
levels  of the plate welded with 300 F preheat.  
no significant difference in hardness  in  the three levels i n  either the preheated o r  non- 
preheated plate outside of the fusion zone. 
Similarly,  Figure 31 compares  the hardness  in the th ree  
A s  shown in  F igures  30 and 31, there  was 
The hardness  t r a v e r s e s  through the middle of the weld in  the preheated and non- 
preheated plates a r e  compared i n  Figure 32. As shown in this f igure,  the hardness  of 
the weld, the heat-affected zone and base  metal ,  in  the preheated plate is significantly 
lower than that of the non-preheated plate, Additional hardness  readings were  taken in  
the base  me ta l  approximately 3-1/2 inches from the bond line of each  weld. The ha rd -  
ness  in  the preheated plate averaged 132 KHN, 11 KHN lower than the 143 KHN average 
hardness  in  the plate welded without preheat.  
hardness  variations attributed to preheating is not apparent.  
cycle used in  the preheat experiments would be expected t o  closely simulate the normal  
a r t i f ic ia l  aging t reatment  given to T31 mater ia l  t o  develop the T81 temper .  Obviously, 
the preheat cycle has not resulted in  the expected increase  in  hardness  that should ac-  
company aging. 
A logical explanation for  the observed 
The t ime - temperature  
Two guided-side-bend specimens were tested f r o m  the preheated and non- 
These specimens were 1 / 8  inch thick, 1-1 / 2  inches wide, and preheated t e s t  plates.  
6 inches long. 
radius die and progressing t o  a 3/8-inch radius die. 
a f te r  each bend to determine whether any cracks formed in the weld zone. 
specimens failed in  the weld when bent in the 3/8-inch radius die. 
elongation corresponding to the bend around the 1 /2-inch radius die,  the minimum 
radius  before  failure,  was calculated to  be about 10 percent. 
The specimens were  bent around a s e r i e s  of dies,  s tar t ing with a 3-inch 
The specimens were  dye checked 
All four 
The total  percent 
Two t ransverse-weld  reduced-section tensile tes t s  were  run  on each tes t  plate. 
The specimens were  taken f rom the midthickness of the weld. 
tensi le  t e s t s  indicate the tensile strength of the preheated t e s t  plate was significantly 
lower than that of the non-preheated tes t  plate. 
mens  f r o m  the  non-preheated plate was 4 0 . 6  ksi  as compared with 37.1 k s i  in specimens 
f r o m  the preheated tes t  plate. (Detailed test  resu l t s  a r e  contained in Table 5 which l i s t s  
the mechanical  propert ies  obtained on all  specimens tes ted during this program.  ) The 
specimens f r o m  the preheated weld failed through the center  of the weld; specimens f rom 
the plate welded without preheat a lso broke in the weld but with an i r r egu la r  pattern.  
The resu l t s  of these 
The average tensi le  strengths of speci-  
Resul ts  of these studies indicated moderate preheat and in te rpass  could ser iously 
affect  joint propert ies .  * 
* This conclusion should be  restricted to the T31 or T351 tempers used in this program. 
Based on the favorable resul ts  obtained in eliminating weld 
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cracking using the twin-wire welding technique without prehea t ,  no fu r the r  s tudies  w e r e  
made  of weld preheat .  
Mechanical P rope r t i e s  
The resu l t s  of t ransverse-weld  tensi le  t e s t s ,  t ransverse-weld  s ide bend t e s t s ,  and 
weld-metai  hardness  t e s t s  conducted on a number  of the 22 19-T31 Narrow-Gap welded 
t e s t  p la tes  a r e  summar ized  in  Table 5. In all c a s e s ,  the tensi le  s t rength  of the Narrow- 
Gap welds exceeded 4 0 . 0  k s i  provided the weld was f r e e  of l i nea r  defects  and was  welded 
without preheat .  
All of the tensi le  spec imens  fai led in  the weld, usual ly  n e a r  the bond. The tens i le  
s t rength  ranged f r o m  31.0 to  42. 2 ks i .  
below 40. 0 k s i  contained lack-of -fusion defects ,  o r  i n  the c a s e  of spec imens  f r o m  
P la t e  F -26  were  welded using 300 to  350 F prehea t  and in t e rpass  t e m p e r a t u r e s .  
low tensi le  proper t ies  in weld specimens containing defects may  be  par t ia l ly  a t t r ibuted 
to  the u s e  of the small c ros s - sec t ion  tens i le  spec imens  as l i s ted  in  Table  5. 
spec imens  which were  f r e e  of lack-of-fusion defects exhibited tens i le  s t rengths  ranging 
f r o m  40. 0 to  42. 2 ks i  and tens i le  joint  efficiencies of 72. 7 to  76.6 percent .  
s t rengths  exceed the 35 k s i  min imum tens i le  s t rength  accepted as the  r ea l i s t i c  min imum 
tensi le  s t rength for  a s  -welded 221 9-T87 aluminum.(2)  
As noted in  Table 5, spec imens  which fai led 
These  
Those 
These  
F igu re  33 shows the f r ac tu re  sur face  of the tens i le  spec imens  taken f r o m  
Pla te  V-20. 
plate,  respect ively,  each  exhibit lack-of-fusion defects.  Specimen B-1 a l so  contained 
considerable  porosity. 
Specimen B-3,  taken n e a r  the opposite sur face  of the plate ,  had v e r y  few v is ib le  defects  
i n  the tensi le  f rac ture  sur face  and failed at  41. 9 ksi .  
SpecimensB-1 and B-2 taken nea r  one su r face  and n e a r  the cen te r  of the 
Specimens B-1 and B-2 failed a t  38. 3 and 38. 9 ks i ,  respect ively.  
The tensi le  elongation, m e a s u r e d  in a 2-inch gage length, ranged f r o m  2. 5 to  
6. 0 percent  i n  all spec imens  and f r o m  3. 5 to  6 percent  in  welds  which w e r e  f r e e  of 
l inear  defects .  
higher  than that measu red  in  the 2-inch gage length.  
cluded in  the sho r t e r  gage lengths.  
than the base  metal ,  the elongation values  a r e  higher  the s h o r t e r  the gage length used .  
Elongation measu remen t s  made  in 1 /2- inch gage lengths indicate  the ductility in the 
weld and adjacent heat-affected zone ranged f r o m  8 to  12 percent  in  spec imens  which 
had l inear  defects in the weld. 
The percent  elongation m e a s u r e d  in  1 / 2 -  and 1 -inch gage lengths  was 
L e s s  unaffected base me ta l  is in -  
Since the weld and heat-affected zone is  m o r e  ducti le 
The tensi le  proper t ies  obtained in  the Narrow-Gap welds  tes ted  probably r e p r e -  
sent  min imum values obtainable f r o m  this  type of weld f o r  the following reasons:* 
(1)  Small  tes t  specimens,  such as those used  in  th i s  p r o g r a m ,  general ly  
r e su l t  in lower tensi le  p rope r t i e s  than fu l l - sec t ion  spec imens  . ( l )  
(2 )  The potential improvement  in joint s t rength  that should r e su l t  f r o m  
the nar row weld joint and hea t -a f fec ted  zone was  not de te rmined .  
*Tests of the type required to establish the validity of these reasons were not included as a part  of this program. Suitable tests 
should be included i n  any future study of this or similar processes. 
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B- 1 
ZX 19610 
2x 19609 
B- 2 
B-3 
TENSILE BARS FROM 
2x 19611 
FIGURE 33. FRACTURE SURFACES OF TRANSVERSE 4 
A NARROW-GAP WELD IN 5-INCH-THICK 2219-T31 
ALUMINUM ALLOY (Plate V-20) 
The f r a c t u r e s  occurred in  the weld metal near the bond line, 
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The percent  elongation calculated f r o m  the bend-test  r e su l t s  range f r o m  6 t o  10 
percent .  
10. 3 percent .  
In welds that did not contain lack-of-fusion defects ,  it  ranged f r o m  9 .  3 t o  
The  weld-metal  hardness  of the Narrow-Gap welds was m e a s u r e d  on t r a n s v e r s e  
weld c r o s s  sections.  Average values  were  shown in Table 5. 
t r a v e r s e s  a lso w e r e  taken along the center l ine of some  welds.  
and values  of the hardness  t r a v e r s e  made  on Weld V-20 i s  shown in F igu re  34. 
weld was deposited in  5-inch-thick plate  using the twin-wire technique and welding f r o m  
two s ides .  
f r o m  the center  t o  the su r faces  of the plate;  the weld me ta l  deposited f i r s t  had a higher  
ha rdness  than the weld deposited i n  l a t e r  pas ses .  
of all of the Narrow-Gap welds tes ted.  In plates  welded f r o m  one s ide ,  the weld-metal  
ha rdness  progressively dec reased  f r o m  about RE-30 a t  the root s ide  to  RB-24 at  the 
face s ide  of the weld. 
effect on the f i r s t  weld me ta l  deposited. 
Rockwell B ha rdness  
A sketch of the location 
This  
As noted in  F igu re  34, the ha rdness  of the weld progress ive ly  dec reased  
This  behavior  was  found to b e  typical  
Apparently,  the heat f r o m  the l a t e r  weld p a s s e s  had an aging 
Tukon hardness  t r a v e r s e s  made  a c r o s s  weld joints w e r e  d iscussed  previously in  
the sect ion on preheat  ( s e e  F igu res  30-32). These  hardness  measu remen t s  ( f r o m  this  
study) compare  favorably with similar measu remen t s  repor ted  fo r  e lec t ron-beam welds 
in  2219-T81 rna ter ia l . ( l )  The es t imated  heat-affected zone width of Narrow-Gap welds 
based  on hardness  t r a v e r s e s  is about half the weld width on e i ther  s ide  of the joint. 
Thus,  the total  width subjected t o  detectable  proper ty  changes in  a Narrow-Bap weld is 
about 2w, where w equals the fusion zone width. The corresponding width in  e lec t ron-  
beam weldments was repor ted  to be 3w.( l )  
Additional mechanical  proper ty  t e s t s  w e r e  made  on sect ions of a 5-inch-thick weld 
(V-20) .  
a t tempt  t o  es tabl ish s t rength of a full weld section. 
t hese  specimens in  re la t ion to  the weld. 
These  t e s t s  w e r e  made  to  de te rmine  the effect of aging af te r  welding and i n  an  
F igu re  35 shows the location of 
Slabs F and 0 were  aged for  24 hours  at  325 F (T81 condition). Rectangular  t en -  
s ion spec imens  1 inch wide x 1 / 4  inch thick w e r e  then cut as shown. Slab J was  in-  
tended fo r  a full sect ion tension t e s t ;  however,  i t  was  n e c e s s a r y  to  cut th i s  slab into 
2 spec imens  2-1 /2  inches wide x 1 / 4  inch thick. 
m e n  ( J - 1  and 5 - 2 )  w e r e  removed by dr i l l ing a 1 /16- inch-d iameter  hole through the s lab.  
Lack-of-fusion a r e a s  in  each  spec i -  
The resu l t s  of these  t e s t s  a r e  shown in Table  6. The aging t r ea tmen t  resu l ted  in  
a decided improvement  in  ul t imate  s t rength  and slightly lower elongation, as expected. 
The spec imen that failed below 40 k s i  ( 0 - 1 )  exhibited cons iderable  porosi ty  on the f r a c -  
t u r e  sur face .  T e s t s  of the as- 
welded ex t r a  wide spec imens  resul ted in  low ul t imate  s t rength ,  T h e s e  r e su l t s  w e r e  
probably strongly influenced by the spec imen geometry  which was definitely unusual. 
Test ing to determine the full  thickness  s t r c n g l h  wil l  probably r equ i r e  using a spec imen 
about 5 inches square and a t  l eas t  30 inches long. Equipment and m a t e r i a l  were  not 
readily available f o r  such t e s t s  during this  p r o g r a m  
Slight porosi ty  was apparent  on a few other  f r a c t u r e s .  
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FIGURE 34. WELD METAL HARDNESS VARIATION IN 
5-INCH-THICK 2219-T31 ALUMINUM 
NARROW-GAP WELDMENT - V20 
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TABLE 6. ADDITIONAL TENSION TEST DATA - WELD V-20 
Ultimate Elongation, 
Sample Strength,  percent  i n  
No. p s i  1 / 2  in. 1 in. 2 in. Remarks  
43,400 
43,600 
43 ,500  
49 ,000  
38,200 
40,600 
40,900 
43 ,800  
3 3 , 9 2 0  
3 3 , 9 5 0  
a 
8 
6 
10 
6 
6 
6 
a 
- -  
- -  
5 2 
4 2 
4 2 
5 2. 5 
4 2 
3 2 
3 1 . 5  
4 2 
- -  - -  
-- - -  
Fusion l ine f r a c t u r e  
Moderate  porosi ty  
Center  l ine f r a c t u r e  
Slight porosi ty  
Fus ion  l ine f r a c t u r e  
Slight porosi ty  and lack  of fusion 
Center  l ine f r a c t u r e  
Very  c lean  
Fus ion  l ine f r a c t u r e  
Considerable  porosi ty  
Fus ion  l ine fracture 
Very  slight porosi ty  and lack  of fusion 
Fusion l ine f r a c t u r e  
Very  slight porosi ty  and lack  of fusion 
Center  l ine f r a c t u r e  
Very  c lean  
- -  
- -  
(a)  Aged after welding 24 hours at 325 F. 
(b) Extra wide specimen. 
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CONCLUSIONS 
~~ 
(1) Type 2219-T31 aluminum plate in th icknesses  up  t o  5 inches can  be  welded using 
the Narrow-Gap p rocess .  
Procedures  have been developed for  welding 1 - and 2-inch-thick 2219 alloy in  the 
flat and horizontal  posit ions using the s ing le-wire-centered  weiding technique. 
These same procedures  a r e  believed to be  applicable to  welding 3-inch-thick plate  
in these  posit ions,  
A twin-wire Narrow-Gap welding procedure  has  been developed fo r  welding plate 
up to  5 inches thick in  the ver t ica l  posit ion.  
was a l so  used f o r  welding 2-inch plate in the flat  position. 
tained in  welding 5-inch plate in the ver t ica l  posit ion the twin-wire technique i s  be-  
l ieved to  be suitable for  welding 5-inch plate in  the flat  position. 
A s imi l a r  twin-wire welding procedure  
Based on the r e su l t s  ob- 
Using proper  welding procedures ,  the radiographic  quality level  of Narrow-Gap 
welds will m e e t  o r  exceed Grade  2 of MSFC-SPEC-359. 
The t ransverse-weld  tensi le  s t rength  of Narrow-Gap welds in  2219-T31 aluminum 
range f rom 40 to  42. 2 ks i .  
c r e a s e  in  s t rength to  as low as 31 ksi .  
Lack-of-fusion defects  in  the weld m a y  cause  a de- 
Specially designed gas  -shielding nozzles  should be used i n  Narrow-Gap welding of 
aluminum. 
A number of nozzle configurations w e r e  evaluated. 
held c lose  to the plate sur face  and which has  flexible end baffles extending into the 
joint was found t o  be  mos t  sa t i s fac tory ,  
They a r e  especial ly  important  when welding plates  over  2 inches thick.  
An elongated nozzle which is 
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DIAGRAM P-, 2 2 ".-I 
i 
METALS JON 
ARC- W ELDl h 
Type of Welding Narrow Gap 
Purpose of Test (1) Final Ch 
(2) Deterrnii 
BASE MATERIAL 2219 
Condition T31 
Cleaning, initial Standard 
size 5 ~ 2 2 x 2 2  
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G-6689 IlNG DIVISION Project I 1 
sheet 1-21 S TEST DATA 
Specimen E i l  
Date -1 
Manual 0 Automatic ti2-23-64 
ck on 5" t Vertical Parameters 
e Joint SI 
taterial f 
1 
Test SDecimens 
ELECTRICAL: 324-96 
power mrce Vickers C. P. 324-97 
Welding  hi^^ BMI Positioner 324-79 
hbmatic Control Airco AMC-C. # 145 
, # 1 4 6  I. *. 
Metenused E. A. Recorder, 324-49 
Special Eqipment 1-1/4-inch Wire Spacing. Wire end 
positioned 1/16 inch from sidewall 
FOR TIG WELDING: 
Electrode Type 
Electlode Si ze 
QJP 
OTHER EQUIPMENT 
**All Lead Wire Voltage Initial Gap Dimensions, inch 
A - .397 
B - ,470 
B1 - .451 
Vertical up 
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